VOL. 235, NO. 8 AUGUST 1960 


The Journal 
OF 


Biological Chemistry 


© Copyright 1960, by the American Society of Biological Chemists, Inc. 





Glucose-C™ for the Evaluation of the Pathways of 
Glucose Metabolism.....................ceeee ee eees 2165 
KAHANA, SHIRLEY E., Lowry, Oitver H., Scuuuz, Dr- 
Moy W., PasSONNEAU, JANET V., AND CRAWFORD, 
EuizaBetH J. The Kinetics of Phosphoglucoiso- 
WTAGUEGE: .. oi cccces ght 4s cnndvanngeie Peet CL eee. 2178 
HoBERMAN, Henry D., ano D’Apamo, AMEDEO F., Jr. 
Evidence for the Formation of Phosphopyruvate in 
Liver by a Mechanism not Involving Equilibration 
wir Demaeene .k 6  e o ekee oa 2185 
FERNANDEZ, Maria, AND Grisotia, SANTIAGO. Phos- 
phoglyceric Acid Mutase Activity without Added 
2,3-Diphosphoglycerate in Preparations Purified 
from) Mice Gorm «6.6 S66 fal oe ce ok 2188 
/SERAYDARIAN, Krikor, Mommaerrts, W. F. H. M., ano 
WALLNER, ALFRED. Enzymatic Fluorometric Meth- 
ods for the Microdetermination of Hexose Phos- 
plated: ini Oe ic so meena 2191 
GinsBuRG, Vicror. Formation of Guanosine Diphos- 
phate .-Fucose from Guanosine Diphosphate p- 


CONTENTS 
INSTRUCTIONS TO AUTHORS... ........... ccc ceeeeeeees 3 Foxk, J. E., Prmz, Karu A., Carrot, WILLIAM R., AND 
Use OF ABBREVIATIONS. 0: .0009)...) 660 4...ceeeausbale, 5 GLapNER, JuLEs A. Carboxypeptidase B. IV. 
Katz, JosepH, AND Woop, Hartanp G. The Use of Purification and Characterization of the Porcine 


NGG Fo oi 5nd LES PO eh aa 


Joyce, BARBARA K., AND GRISOLIA, SANTIAGO. Purifica- 


tion and Properties of a Nonspecific Acid Phospha- 
tase from Wheat Geri.) <i 5.9 0 nb..6bs ee halen 2278 


PLAGEMANN, Peter G. W., GReGoRY, KENNETH F., AND 
WROBLEWSKI, Fetix. The Electrophoretically Dis- 
tinct Forms of Mammalian Lactic Dehydrogenase. 
I. Distribution of Lactic Dehydrogenases in Rabbit 
and Efurian TissGee) ooo. 5 Cece oo abana oh 

PLAGEMANN, Pater G. W., Gregory, KENNETH F., anp 
Wroés.ewsk!, Fevix. The Electrophoretically Dis- 
tinct Forms of Mammalian Lactic Dehydrogenase. 
II. Properties and Interrelationships of Rabbit and 
Human Lactic Dehydrogenase Isozymes............ 

Cote, R. Daviv. The Chromatography of Insulin in 
Urea-containing Buffer: ...25..05 0005 STORIE 


Coxe, R. Davin. Ion Exchange Chromatography of 
Glucagon in Urea-containing Buffers................ 


SrracHer, A. Spectrophotometric Titration and Ultra- 
violet Difference Spectra of Myosin and the Mero- 


NN OE SE NEL RDS ESE AR 2196 WOON ios icc cs ries sie sop te os ot ee 

RosENTHAL, ARTHUR F., AND GEYER, R. P. A Synthetic y Feeney, Ropert E., ANDERSON, JOHN S., AzarI, Parviz 

Inhibitor of Venom Lecithinase A.................. 2202 , BENNETT, NELLE, AND Ruoves, Marvin B. The 

Nott, Hans. The Physicochemical Characterization of Comparative Biochemistry of Avian Egg White 
Vitamin K Homologues. Identification by a PROUGEIB 2... 55s sis oes Ux ie raed bas 1 PR  eE 2307 

A Novel Method of Quantitative Infrared Spectro- Witson, Irwin B., Hatcu, Mary ANNE, AND GINSBURG, 
prncrbemnebary he SEES pO i acne caw eee 2207 Sara. Carbamylation of Acetylcholinesterase..... 2312 


JEANRENAUD, BERNARD, AND RENOLD, ALBERT E. Stud- 
ies on Rat Adipose Tissue in Vitro. VII. Effects of 
Adrenal Cortical Hormones........................ 2217 


/SBARRA, A. J., AND Karnovsky, Manrrep L. The Bio- 


RADHAKRISHNAN, A. N., AND SNELL, Esmonp E. Biosyn- 
thesis of Valine and Isoleucine. II. Formation of 
a-Acetolactate and a-Aceto-a-hydroxybutyrate in 
Neurospora crassa and Escherichia coli.............. 2316 


ios chemical Basis of Phagocytosis. II. Incorporation RADHAKRISHNAN, A. N., WAGNER, R. P., anp SNELL, Es- 
of C-labeled Building Blocks into Lipid, Protein, MOND E. Biosynthesis of Valine and Isoleucine. III. 
for and Glycogen of Leukocytes during Phagocytosis... 2224 a-Keto-8-hydroxy Acid Reductase and a-Hydroxy- 
ntal, Serir, Georce S., AND Brevik, ALAN K. Effects of B-keto Acid Reductoisomerase...................... 
te.)? Butyl-4- aeseeny: -3,5-diiodobenzoate on the Conver- Huu, Rosert L., anv Smita, Emit L. Isolation and 
pai sion of 6-Carotene to Vitamin Ain the Rat.......... 2230 Characterization of an Enzymically Active Fragment 
Lanbs, WILLIAM E. M. Metabolism of Glyce cerolipids. of Papain evs ee eteichagade tek ine per we se Nae 2332 
the II. The Enzymatic Acylation of Lysolecithin........ 2233 RatsMan, Luisa, Grisouia, SANTIAGO, AND EpELHOCH, 
7000 ; Z Bris Haroip. Further Purification and Properties of 
, GoLpFrINE, Howarp, aNp StaprMan, E. R. Propionic Brain Acyl Phosphatase 
ce or Acid Metabolism. V. The Conversion of 6-Alanine P 7. tn Peet Be ges ees M. 
, to Propionic Acid by Cell-free Extracts of Clostridium ViITHAYATHIL, Pau AND RICHARDS, FREDERIC 
your pas iol ei iS TS OE SID etal pea 2238 Modification of the Methionine Residue in the Peptide 
(0 to “ia D ‘ie K ‘B HTS eae H > Le ) H Component of Ribonuclease-S...................... 
isa | "Lxox, Zomorr, Banver, axp Gatuachen, T. F” Jerray, Henny. The Metabolism of Serum Proteins. 
e to Metabolic Transformation of Hydrocortisone-4-C" aoa of Serum Protein Metabolism during 2352 
in N Lae ee Oe Sevee Unie tages ts, ong i(wsi«Crtowtth.. ee ie oe tase ee sinned iped 
: ae praia ie sng , . Wa ker, James B. Metabolic Control of Creatine Bio- 
heal Kanputscn, A. A. AND Russet, A. E. Preputial Gland synthesis. I. Effect of Dietary Creatine 2357 
uges, Tumor Sterols. IT. The Identification of 4a-Methyl-  «. ° A, . fae we ge 
le in DOU 5. ics. sco is vce ngtntne Faken ens 2253 Fircn, Coy D., Hsu, Cectiia, anp DINNING, James S. 
fully Kanputscu, A. A., aNnp Russett, A. E. Preputial Some Factors Affecting ay Sree 2362 
S . zh AVISY AT ERAS oo. oe cess bcp bs ta poke ERE EE 
; Gland Tumor Sterols. III. A Metabolic Pathway eeyoes" . : 
quest Mo.pave, Kivis. The Labeling in Vitro of Intermedi- 
from Lanosterol to Cholesterol..................... 2256 ? : P ; 
ates in Amino Acid Incorporation.................. 
Roserts, Puytiis 8S. The Esterase Activities of Human Grosst, Lots G., anp Moupave, Kivie. The Effect of 
ST Plasmin during Purification and Subsequent Activa- 


tion by Streptokinase or Glycerol.................. 2262 


FriepeNn, Epwarp H., Stone, Naomt R., aNp LAYMAN, 
NoeL W. Nonsteroid Ovarian Hormones. III. 
The Properties of Relaxin Preparations Purified by 
Counter-current Distribution 





XUM 


Soluble Factors on the Transfer of Amino Acids from 

Soluble Ribonucleic Acid to Microsomal Proteins.... 2370 
CampBELL, L. Leon. Reductive Degradation of Pyri- 

midines. V. Enzymatic Conversion of N- pep 

8-alanine to §-Alanine, Carbon Dioxide, and Am 

GNED odin 5.5 5 000 boo s3 pane 64,6 te ee ee eee 2375 


Continued, page 2 





2 The Journal of Biological Chemistry 


Briair, Donap G. R., Stone, Joseru E., anp Porter, 
Van R. Formation of Orotidine 5’ -Phosphate by 
Enzymes from Rat Liver 


LEHNINGER, ALBERT L., SuDDUTH, 


H. C., anv WISE, 
James B. 


p-8-Hydroxybutyric ciendatguunes of 








lk awcs (ace reeds 2379 Mitochondria SORES ais SONG . 2450 
Pizer, Lewis I., anD ConEN, SEyMourS. Metabolism of Branp, Lupwic, Dau, Canes, AND MAHLER, H. R. 
Pyrimidine Arabinonucleosides and Cyclonucleo- Biochemical Studies of the Developing Avian E mbryo. 
sides in Bechevicta COU... .. 08 oe copa ee cece dade 2387 IV. Some Respiratory Pigments ie 2456 
Beers, Roxanp F., Jr. Hydrolysis of Polyadenylic HELLERMAN, LESLIE, Reiss, Oscar K., PARMAR, Ss. eS: 
Acid by Pancreatic Ribonuclease................... 2393 WEIN, Joun, AND LassER, N. L. Studies in Succin- 
Botium, F. J. Calf Thymus Polymerase............... 2399 ate Dehydrogenase. Effect of Monoethyl Oxalace- 
Gasemanen Ganise W.. ane Bacwn. Gaus M. The tate, Acetylene Dicarboxylate, and Thyroxine . 2468 
Biosy thesis of Thiamine. I. Enzymatic Forma- Rarrer, Gate W. Pyrophosphate Metabolism in Liver 
tion of Thiamine and Phosphate Esters of the Pyri- Mitochondria...................-..---+seeeeeeeees 2475 
midine Moiety of Thiamine........................ 2404 ~ GELLER, Davip M., anp LipMANN, Fritz. Photophos- 
Camiener, GERALD W., aNp Brown, Gene M. The phorylation in Extracts of Rhodospirillum rubrum 2478 
Biosynthesis of Thiamine. II. Fractionation of En- SEARLS, Ropert L., anv Sanapi, D. R. a-Ketoglutaric 
zyme System and Identification of Thiazole Mono- Dehydrogenase. VIII. Isolation and Some Proper- 
phosphate and Thiamine Monophosphate as Inter- ties of a Flavoprotein Component............. 2485 
MOGI acinar cus er aigey. os ins du ceee eee cver 2411 STRITTMATTER, Puitipp. The Nature of the Heme 
Levy, Cart C., ano Zucker, Minton. Cinnamyl and Binding in Microsomal Cytochrome bs... . . 2492 
p-Coumary] Esters as Intermediates in the Biosyn- SpreceL, Mary JANE, AND DrysDALE, GEORGE R. The 
thesis of Chlceunida Medes ce, os ccete en ne 2418 Reduction of the Acetylpyridine Analogue of Di- 
/Cuance, Briton, GARFINKEL, Davin, Hicatns, Joseru, Reneneane Nucleotide by Dihy sepeeedanietes 
AND Hess, BENNO. Metabolic Control Mechanisms. _ — eotide.............-.. Seta gags 2498 
V. A Solution for the Equations Representing Inter- Sotomons, C. C., anp NEUMAN, W. F. On the 
action between Glycolysis and Respiration in Ascites Mechanisms of Calcification: the Remineralization 
PE I wk ee g eos ice ccc case es 2426 of Dentin. Rieiain Bt bles sho <leie ote ees 2502 
Cuance, Britton. Analogue and Digital Representa- Preliminary Communications 
tions of Enzyme Kinetics. ......................... WakIL, Sarin J., McLain, L. W., Jk., AND WARSHAW, 
Yamazak1, I., Mason, H. S., ann Pierre, L. Identi- J.B. Synthesis of Fatty Acids by Mitochondria. PC31 
fication, by Electron Paramagnetic Resonance Spec- SEARLS, Rospert L., anp Sanapi, D. R. On the 
troscopy, of Free Radicals Generated from Substrates Mechanism of Diy drothiocty! suse Seeman 
Br INS 25.506 525 ois. 010 > cms eyit so neareaties's 2444 Ls Ee ie a. Sena P 
AUTHOR INDEX 


Anderson, John S., 2307 
Azari, Parviz R., 2307 


Beers, Roland F., Jr., 2393 
Bennett, Nelle, 2307 

Blair, Donald G. R., 2379 
Bollum, F. J., 2399 
Bradlow, H. Leon, 2246 
Brand, Ludwig, 2456 
Brevik, Alan K., 2230 
Brown, Gene M., 2404, 2411 


Camiener, Gerald W., 2404, 2411 
Campbell, L. Leon, 2375 

Carroll, William R., 2272 
Chance, Britton, 2426, 2440 
Cohen, Seymour 8., 2387 

Cole, R. David, 2294, 2300 
Crawford, Elizabeth J., 2178 


D’Adamo, Amedeo F., Jr., 2185 
Dahl, Carol, 2456 

Dinning, James S., 2362 
Drysdale, George R., 2498 


Edelhoch, Harold, 2340 


Feeney, Robert E., 2307 
Fernandez, Maria, 2188 
Fitch, Coy BD, 2362 

Folk, e E., 2272 

Frieden, Edward H., 2267 
Fukushima, David K., 2246 


Gallagher, T. F., 2246 
Garfinkel, David, 2426 

Geller, David M., 2478 

Geyer, Robert P., 2202 
Ginsburg, Sara, 2312 

Ginsburg, Victor, 2196 

Gladner, Jules A., 2272 
Goldfine, Howard, 2238 
Gregory, Kenneth F., 2282, 2288 
Grisolia, Santiago, 2188, 2278, 2340 
Grossi, Lois G., 2370 


Hatch, Mary Anne, 2312 
Hellerman, Leslie, 2468 
Hellman, Leon, 2246 

Hess, Benno, 2426 
Higgins, Joseph, 2426 

Hill, Robert L., 2332 
Hoberman, Henry D., 2185 
Hsu, Cecilia, 2362 


Jeanrenaud, Bernard, 2217 
Jeffay, Henry, 2352 
Joyce, Barbara K., 2278 


Kahana, Shirley E., 2178 
Kandutsch, A. A., 2253, 2256 
Karnovsky, Manfred L., 2224 
Katz, Joseph, 2165 


Lands, William E. M., 2233 
Lasser, N. L., 2468 
Layman, Noel W., 2267 
Lehninger, Albert L., 2450 
Levy, ari C., 2418 
Lipmann, Fritz, 2478 
Lowry, Oliver i. , 2178 


Mahler, H. R., 2456 

Mason, H. S., 2444 

McLain, L. W., Jr., PC31 
Moldave, Kivie, 2365, 2370 
Mommaerts, W. F. H. M., 2191 


Neuman, W. F., 2502 
Noll, Hans, 2207 


Parmar, S. S., 2468 

Passonneau, Janet V., 2178 

Piez, Karl A 

Pizer, Lewis I., 2387 

Plagemann, Peter G. W., 2282, 2288 
Potter, Van R., 2379 


Radhakrishnan, A. N., 


2316, 2322 
Rafter, Gale W., 2475 


Raijman, Luisa, 2340 

Reiss, Oscar K., 2468 
Renold, Albert E., 2217 
Rhodes, Marvin B., 2307 
Richards, Frederic M., 2343 
Roberts, Phyllis S., 2262 
Rosenthal, Arthur F., 2202 
Russell, A. E., 2253, 2256 


Sanadi, D. R., 2485, PC33 
Sbarra, | 9094 

Schulz, Demoy W., 2178 
Searls, Robert L., 2485, PC33 
Seraydarian, Krikor, 2191 
Serif, George S., 2230 

Smith, Emil L., 2332 

Snell, Esmond E., 2316, 2322 
Solomons, C. C., 2502 
Spiegel, Mary Jane, 2498 
Stadtman, E. R., 2238 
Stone, Joseph E., 2379 
Stone, Naomi R., 2267 
Stracher, A., 2302 
Strittmatter, Philipp, 2492 
Sudduth, H. C., 2450 


Vithayathil, Paul J., 2343 


Wagner, R. P., 2322 

Wakil, Salih J., PC31 
Walker, James B., 2357 
Wallner, Alfred, 2191 
Warshaw, J. B., PC31 

Wein, John, 2468 

Wilson, Irwin B., 2312 

Wise, James B., 2450 

Wood, Harland G., 2165 
Wroblewski, Felix, 2282, 2288 
Yamazaki, I., 2444 
Zucker, Milton, 2418 
Zumoff, Barnet, 2246 





Subm 


| assuran 





nary re 


Carel 
delay i 
and Re 
turned 
of its s 
tributic 
to mak 
ing ins' 

Mani 
throug! 
be subr 
script | 
rected, 
langua 
referen 
numeri 
fied by 
vague, 
Since t 
cal nec 
unavoi 
standa 
explail 
jssues 
the us 
indexe 
capita 

referre 
erally 
A li 
furthe 
article 
viatio 
autho 
tion o 
marie 
Sep 
autho 
runni 
ures, 
orate 
print 
dupli 
suppl 
title | 
bered 
that 
rearr: 
type 


Th 
insta 
of th 
chem 
bols 
comy 
60 ck 


2468 
2475 


2478 








Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 


| assurance that no similar paper, other than an abstract or prelimi- 


nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and ‘‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The formsof spelling and abbreviations used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘“‘Use of Abbreviations’”’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.’’ 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


YUM 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘Experimental 
Procedure’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,’’ (e) 
“Summary,’’ (f) ‘‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘“unpub- 
lished experiments,’’ ‘“‘personal communications,” etc., must be 
made in footnotes, and not included inthe References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.’’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 








4 Instructions to Authors 


should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 

authors are requested to follow carefully the directions given be- 

_low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertival height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 34 inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 3}-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X,O, @, 0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of “top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to two 
full page in the present format of the Journal. This is approxi- 
mately 2000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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Lustructions to Authors 


The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 

rivial changes will not be accepted by the Editor. Newly ob- 
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tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a “note added in proof” can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 
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ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviateda—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH,OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,” may 
be used; as also “folate-H,” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
Hy’ or “5 (or 10)-CH,OH-folate-Hy.” 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and _ its 


DPNH reduced form 
TPN, TPNH triphosphopyridine nucleotide and its 
reduced form 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

AMP, GMP, IMP, the 5’-phosphates of ribosyl adenine, 

UMP, CMP guanine, hypoxanthine, uracil, cy- 


tosine 


2’-AMP, 3’-AMP (5’- the 2’-, 3’-, (and 5’-, where needed for 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, the 5/-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 
Py; Fri inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu  glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamyl, 
Glu-NH; Asp-NH; glutaminyl, asparaginyl 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 


Hypro, Hylys hydroxyprolyl, hydroxylysyl 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown sge- 
quence may be enclosed in parentheses and separated by commas, 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free anrino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc. deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosemine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 
pApG 5’-0-phosphoryl-adenyly]- (3’-5’) -guan- 

osine, or guanylyl-(5’-3’)-adenosine 

5’-phosphate 
adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 
adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


ApGp 


ApG-cyclic-p 


for polydeoxyribonucleotides: 

d-pApGpT 5’-0-phosphory]-deoxyadenyly1-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl]-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


¢ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

¢ For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram pg (not y) 
millimole mmole (not mm) 
micromole umole (not um) 
Units of Concentration 
molar (mole/liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 
meter m 
centimeter cm 
millimicron my 
Angstrom (10~* cm) A 
square centimeter cm? 
cubic centimeter cc, or cm? 
milliliter ml 
microliter pl (not > ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 
extrapolated to zero concentration 829 w 
Svedberg unit of sedimentation coeffi- 
cient (10-" sec) NS) 
diffusion coefficient (usually given in 
cm/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
|, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 
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A = OD = —logy T = amCb = €Ch = agcb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (identical with ¢, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. 8. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. 8. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg++ + ATP#— 
MgATP*-, the association constant is: K = (MgATP*-)/(Mgt*) 
(ATP*); (in units of m~). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in m™ sec™. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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The purpose of this paper is to present a theoretical consider- 
ation of the methods of evaluating the participation of the pen- 
tose cycle and the Embden-Meyerhof pathway in the metabolism 
of glucose. Two aspects of the problem are given detailed at- 
tention: (a) methods of evaluating pathways in terms of the 
total metabolism! of glucose, and (6) recycling of hexosemono- 
phosphate in the pentose cycle as related to methods of evalu- 
ating pathways. Most investigators have not attempted to 
evaluate the pentose cycle in terms of the total metabolism of 
glucose and have estimated only the relative roles of the pentose 
cycle and Embden-Meyerhof pathway (cf. footnote 1). Al! pre- 
vious investigators with the exception of Dawes and Holms (1) 
have failed to consider in their calculation the effect of recycling 
in the pentose cycle. 

The relative roles of the pathways usually have been estimated 
either by determining the conversion of C“ of glucose-1-C™ and 
glucose-6-C“ to CO, or to derivatives of triose phosphate such 
as lactate, glycerol, amino acids, or fatty acids. All workers 


* This study was assisted by grants to J. K. from the National 
Cancer Institute, United States Public Health Grant C-3035, and 
to H. G. W. from the Atomic Energy Commission under Contract 
No. AT-(30-1)-1320. 

+ Advanced Research Fellow, American Heart Association. 

1 The following definitions are used in our calculation of path- 
ways. 

Nontriose-P pathways: Conversion of glucose 6-phosphate into 
compounds without formation of triose phosphate or rearrange- 
ment of the 6-carbon skeleton. (Conversion to glycogen, lactose, 
glucosamine, uronic acids, pentose, etc., f of Fig. 1). 

Embden-Meyerhof pathway: Conversion of glucose 6-phosphate 
via fructose 6-phosphate to fructose 1,6-diphosphate and cleavage 
by the aldolase reaction to dihydroxyacetone phosphate and glyc- 
eraldehyde 3-phosphate followed by equilibration of the triose 
phosphates (b, d, e of Fig. 1). 

Pentose cycle: Conversion of glucose 6-phosphate via 6-phospho- 
gluconate to pentose phosphate and CO, followed by conversion 
of the pentose phosphate to fructose 6-phosphate and glyceralde- 
hyde phosphate followed by conversion of the fructose 6-phos- 
phate to glucose 6-phosphate (Reactions 1 and la, c and b of Fig. 1). 

Total metabolism of glucose: The sum of the nontriose-P path- 
ways, the Embden-Meyerhof pathway, and the pentose cycle. It 
is assumed that triose phosphates are formed only by the Embden- 
Meyerhof pathway and pentose cycle. In most mammalian tis- 
sues this assumption may be valid but in certain microorganisms 
it is not valid. 

roportion of glucose metabolized by pentose cycle compared to 
Embden-Meyerhof pathway or the ratio of pentose cycle to Embden- 
Meyerhof pathway. This is the value which has been estimated 
by most investigators and has been estimated from the triose 
phosphate yields of the two pathways. It is a ratio which by it- 
self cannot be related to the total metabolism of glucose. 


using the yield of C“O, have postulated that the Embden-Meyer- 
hof pathway yields equal amounts of C“O, from glucose-1-C™ 
or glucose-6-C™ and that the pentose cycle yields 1 mole of CO, 
for each glucose-1-C“ metabolized. When triose phosphate 
derivatives have been used for the calculation, it usually has 
been assumed that the Embden-Meyerhof pathway yields a mole 
of triose phosphate-C™ from either glucose-1-C™ or glucose-6-C™ 
and the pentose cycle yields triose phosphate-C“ from glucose- 
6-C™“ but not from glucose-1-C“. Study of these postulates 
discloses that they are not in accord with the generally accepted 
scheme of the pentose cycle since in effect they require operation 
of the pentose pathway without recycling of hexosemonophos- 
phate. “The pentose cycle usually is considered to involve the 
conversion of 3 glucose 6-phosphate molecules to 3 CO: and 3 
pentose phosphates followed by recombination of the pentose 
phosphate molecules to form fructose 6-phosphate and triose 
phosphate as shown in Reaction 1 and also in c of Fig. 1. 


3 Glucose-6-P — 3 CO, + glyceraldehyde-3-P + 2fructose-6-P (1) 


The cycle is completed by isomerization of the fructose 6-phos- 
phate to glucose 6-phosphate (6 of Fig. 1) and therefore the net 
reaction is as expressed below in Reaction la: 


1 Glucose-6-P — 3 CO2 + glyceraldehyde-3-P (la) 


For the pentose pathway to occur without recycling, it would 
be necessary to assume either that the pentose phosphate is used 
directly, or the resynthesized fructose 6-phosphate is not isom- 
erized to glucose 6-phosphate but is phosphorylated to fructose 
1,6-diphosphate (d of Fig. 1) and is further metabolized by the 
Embden-Meyerhof pathway as shown below in Reaction 2: 


2 Fructose-6-P + 2 ATP — 2 fructose-1,6-diP = 4 triose-P (2) 


The net reaction for this type of pentose pathway without re- 
cycling is expressed by Reaction 2a: 


3 Glucose-6-P — 3 CO, + 5 triose-P (2a) 


Most previous calculations (including those by one of us (J.K. 
(2)) are in accord with Reaction 2a, which requires that there 
be no isomerization of the fructose 6-phosphate of the pentose 
pathway to glucose 6-phosphate. In contrast in the present 
paper the calculations have been made on the basis of Reaction 
la. This requires that the fructose 6-phosphate be in isotopic 
equilibrium with the glucose 6-phosphates and therefore there is 
recycling of the fructose 6-phosphate in the pentose pathway. 

Effect of Recycling on C Composition of Glucose 6-Phosphate 
and Calculation of Role of Pentose Cycle—Recently, Wood and 
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Fic. 1. Model of the metabolism of glucose 6-phosphate as 
used for the calculations of the role of the different pathways. 
DHAP is dihydroxyacetone phosphate, E-4-P is erythrose 4- 
phosphate, F-6-P is fructose 6-phosphate, F-1,6-diP is fructose 
1,6-diphosphate, G-1-P is glucose 1-phosphate, G-6-P is glucose 
6-phosphate, Ga-3-P is glyceraldehyde 3-phosphate, S-7-P is sedo- 
heptulose 7-phosphate, and UDPG is uridine diphosphate glucose. 


Katz (3) have estimated the amount of randomization of C™“ 
which will occur in the glucose 6-phosphate at steady state when 
glucose-C™ is metabolized via a complete pentose cycle. They 
have shown that the extent of randomization of C™ is propor- 
tional to the fraction of the total metabolism of glucose-C™ that 
proceeds by the pentose cycle. Wood and Katz considered the 
randomization of C-2? and C-3 of glucose and did not discuss 
the contribution of C-1 to the hexose phosphate pool. A more 
complete compilation is shown in Table I. Only the composi- 
tion of positions? 1, 2, and 3 of the glucose 6-phosphate is shown 
in Table I since positions 4, 5, and 6 are not altered by the pen- 
tose cycle per se. 

It has been assumed for the calculations of Table I, that: (a) 
the system is in metabolic and isotopic steady state, (6) the 
only labeled compound entering the system is glucose and that 
this reaction is not reversible (a of Fig. 1), (c) the fructose 6- 
phosphate and glucose 6-phosphate which are formed in the 
Embden-Meyerhof pathway and in the pentose cycle are in iso- 
topic equilibrium (6 of Fig. 1), (d) there is no reversible exchange 
by transaldolase-transketolase reactions or formation of pentose 
phosphate by these reactions (7.e., c of Fig. 1 does not reverse), 
and (e) there is no synthesis of fructose 6-phosphate from triose 
phosphate (d of Fig. 1 is not reversible).* 


2 The carbons of the glucose are referred to as C-1, C-2, and C-3 
whereas those of the glucose 6-phosphate pool as position 1, posi- 
tion 2, position 3, etc. Triose ratios and CO; ratios refer to ratios 
of specific activities or radiochemical yield in triose phosphate 
derivatives and CO, respectively formed from variously labeled 
glucose. 

3 The assumptions are made in order to simplify the calculations 
of Table I. If they were not made it would be necessary to con- 
sider randomization of C' into all positions of the glucose 6-phos- 
phate. For example if there were significant synthesis of fructose 
6-phosphate from triose phosphate formed from glucose-1-C** the 
C™ would randomize into position 6. In addition C-2 and C-3 of 
glucose would appear in positions 4, 5, and 6 as well as in 1, 2, and 
3. If there were reversible exchange by transaldolase-transketo- 
lase reactions, C-1 of glucose would be randomized to position 3 
and C-2 and C-3 to positions 1, 2, and 3 (3). Exchange by trans- 
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Non-Tr-P 
crcl 00, cep 90. rumors 
PENTOSE EM pathway 
CYCLE 30 COp 
F-6-P 10 Ga-3-P 


Fig. 2. Example of recycling of glucose 6-phosphate with 10% 
metabolism by the pentose cycle. At steady state the relative 
specific activity of position 1 of the glucose 6-phosphate is 0.834 
(100/(100 + 20)) compared to the specific activity of C-1 of the 
inflowing glucose-1-C', cf. text. F-6-P is fructose 6-phosphate, 
G-1-C"™ is glucose-1-C', G-6-P is glucose 6-phosphate, Ga-3-P is 
glyceraldehyde 3-phosphate, TrP is triose phosphate, EM is Em- 
den-Meyerhof. 


The method of calculation of the randomization of C-2 and 
C-3 of the glucose in the glucose 6-phosphate has been discussed 
in detail by Wood and Katz (3) and will not be repeated here. 
C-1 of glucose would occur only in position 1 of the glucose 6- 
phosphate by the assumptions made above and the following is 
an illustration of the calculation of its contribution to position 1. 

Assume 100 moles of glucose-1-C™ are utilized via glucose 
6-phosphate and that 10% of the utilization is via the pentose 
cycle and 90% via other pathways.! As defined in this paper, 
utilization of glucose via the pentose cycle involves the degrada- 
tion of glucose to smaller units.‘ Therefore 10% utilization via 
the pentose cycle requires that 10 moles of glucose 6-phosphate 
be converted to 10 moles of glyceraldehyde and 30 moles of CO., 
see Fig. 2. Thus it is necessary to introduce 30 moles of glucose 
6-phosphate into the pentose cycle of which 20 moles are re- 
generated. At steady state as illustrated in Fig. 2 100 parts of 
the glucose 6-phosphate pool will arise from glucose and be la- 
beled in position 1 and 20 will be regenerated via the cycle and 
be unlabeled. Thus when the pentose cycle accounts for 10% 
of the glucose metabolism 0.834 part (100/120) of position 1 will 
be from C-1 of the glucose. A general expression for the con- 
tribution of C-1 of glucose to position 1 of the glucose 6-phos- 
phate is shown in Expression I. 


Q = Fraction of position 1 of glucose-6-P from C-1 of glucose 
* 100 (1) 
~ 100+ 2(% pentose cycle) 








aldolase per se would introduce carbons from glyceraldehyde 
phosphate directly into positions 4, 5, and 6 of the fructose 6-phos- 
phate and vice versa, see Wood et al. (4). There is some reason, 
however, to think that the above assumptions may be fairly rea- 
sonable, see the discussion. The assumptions stated in deriving 
Table I apply to all calculations, cf. text. 

* It is to be noted that our calculations on the role of the pentose 
cycle are based on Reaction la, whereas those of Dawes and Holms 
(1) are based on Reaction1. Thus 50% metabolism by the pentose 
cycle in their calculation indicates that per 100 moles glucose 6- 
phosphate 50 are metabolized via fructose 6-phosphate in the 
Embden-Meyerhof pathway whereas 50 are metabolized via 6- 
phosphogluconate in the pentose cycle. However, this definition 
does not indicate actual glucose utilization since 33.3 moles of 
glucose 6-phosphate would be regenerated from the 50 moles of 
6-phosphogluconate and only 16.7 moles would actually be re- 
moved as CO: and triose phosphate, Reaction la. Thus on our 
basis the 50% pentose cycle of Dawes and Holms would only be 
25% (100 (16.7/66.7)); their 25% would be 10% on our basis (100 
(25/3) / (25/3 + 75)). By the Dawes and Holms definition 1 triose 
phosphate is formed per 3 moles of glucose 6-phosphate metabo- 
lized in the pentose cycle whereas by our definition 1 mole of triose 
phosphate is formed per mole of glucose 6-phosphate metabolized 
in the cycle. 
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TABLE I 
Effect of recycling via pentose cycle on specific activity of glucose 6-phosphate derived from glucose-1-, --, or -3-C™ 
All values are expressed as relative specific activities, the activity of the labeled glucose being taken as 1. The dilution of glucose 


6-phosphate from unlabeled precursors is not considered. Positions 4, 5, and 6 do not acquire activity from C-1, C-2, and C-3 via the 
pentose cycle and therefore are not shown in the table, cf. text for calculations. 





% metabolized by pentose cycle 0 










































































20 40 50 
Labeled C of administered glucose C-1 C-2 | C-3 C-1 C-2 C-3 C-1 C-2 C-3 C-1 C-2 C-3 C-1 C-2 | C3 
Specific activity of position of | 1 | 1.00) 0.00] 0.00) 0.834/ 0.14 | 0.026) 0.715) 0.214| 0.071) 0.556] 0.284] 0.160) 0.50) 0.30] 0.20 
glucose-6-P relative to adminis- | 2 | 0.00) 1.00] 0.00) 0.000) 0.846) 0.154| 0.000] 0.750) 0.250) 0.000) 0.637] 0.363] 0.00] 0.60] 0.40 
tered glucose 3 | 0.00} 0.00) 1.00} 0.000) 0.077) 0.923) 0.000) 0.125) 0.875) 0.000} 0.182) 0.818} 0.00) 0.20) 0.80 
Total activity of positions 1, 2, 1.00} 1.00) 1.00) 0.834| 1.063) 1.103) 0.715) 1.089) 1.196] 0.556) 1.103) 1.341] 0.50) 1.10) 1.40 
and 3 
% metabolized by pentose cycle 60 80 90 100 
Labeled C of administered glucose C-1 C-2 C-3 C-1 C-2 C-3 C-1 C-2 C-3 C-1 C-2 C-3 
Specific activity of position of 1 0.455 | 0.311 | 0.234 | 0.385 | 0.323 | 0.292 | 0.357 | 0.329 | 0.314 | 0.333 | 0.333 | 0.333 
glucose-6-P relative to admin- 2 0.000 | 0.569 | 0.431 | 0.000 | 0.530 | 0.470 | 0.000 | 0.512 | 0.480 | 0.000 | 0.500 | 0.500 
istered glucose 3 0.000 | 0.215 | 0.785 | 0.000 | 0.235 | 0.765 | 0.000 | 0.244 | 0.756 | 0.000 | 0.250 | 0.750 
Total activity of positions 1, 2, 0.455 | 1.095 | 1.450 | 0.385 | 1.088 | 1.527 | 0.357 | 1.085 | 1.550 | 0.333 | 1.083 | 1.583 
and 3 












































The values for the C-1 contributions shown in Table I have been 
calculated by use of Expression I. 

It is apparent from the values® of Table I that under the con- 
ditions outlined, if the glucose were utilized solely by the pentose 
cycle, that position 1 of the glucose 6-phosphate would be made 
up of equal parts of C-1, C-2, and C-3 of the glucose carbons 
and would have a specific activity 4 that of the glucose-1-C", 


5 A general expression for the contribution of C-2 and C-3 to 
positions 1, 2, and 3 of the glucose 6-phosphate may be derived. 
Let Q be the relative specific activity of position 1 from glucose- 
1-C™ (fraction of position 1 of glucose 6-phosphate from C-1 of 
glucose, cf. Expression I). Let a, b, c, etc. be the relative specific 
activities of the other positions as illustrated below. The nu- 
merical values corresponding to a, b, c, etc. for 20% pentose cycle 
are given for comparison and are from Table I. 





% metabolized by pentose cycle 20 





Labeled C of administered glucose C-1 | C-2|}C-3 | C-1 C-2 C-3 








sition 1) Q 


Specific activity of a | d |0.715/0.214 | 0.071 
of glucose-6-P relative to 2}0.00| b | e |0.00 |0.750/| 0.250 
administered glucose 3}0.00} c | f |0.00 | 0.125) 0.875 

















It is seen that a/b = e/f = d/e and that c = e/2. Alsod = 1 — 
(a+ Q),e =1—b,andf =1-—c. From these relationships by 
expressing a, c, d, and f in terms of b, c = (1 — b)/2,f = (1+ b)/2, 
d = e?/f = 2(1 — b)?/(1 + b), anda = eb/f = 2b(1 — b)/(1 + b). 


Q = 1-— (a+ d) and in terms of b, 








Q=1 2ii-—b) Al—b? Sb—-1 
1+b 1+b b+1 
Therefore: 
1+Q 
b 3-Q 


Vvirm 


-2-C™, or -3-C™ when any one of these types of labeled glucose 
were the substrate. The CO, formed at steady state likewise 
would be composed of equal amounts of the first three carbons 
of the glucose and would have a relative specific activity of 0.333 
compared to glucose-1-C™, -2-C¥%, or -3-C™%, Position 2 of the 
glucose 6-phosphate would consist of 0.5 part of C-2 and 0.5 
part of C-3 of the glucose and position 3 of 0.25 part of C-2 and 
0.75 part of C-3. On the basis of the total or sum of the C% 
activities of the 3 carbons of positions 1, 2, and 3, C-3 of the 
glucose would contribute 1.583 parts, C-2 of glucose 1.083, and 
C-1 only 0.333 part. Thus the molar specific activity of glucose 
6-phosphate formed from glucose-3-C% would be considerably 
greater than that of the substrate. Likewise, it is seen in Table 
I if one-half of the glucose 6-phosphate were metabolized by the 
pentose cycle and one-half by the Embden-Meyerhof pathway 
or the nontriose-P pathways,! or both, then position 1 would 
be composed of 0.5 part C-1, 0.3 part of C-2, and 0.2 part of 
C-3. Position 2 would be composed of 0.6 part C-2 and 0.4 
part C-3 and position 3 of 0.2 part C-2 and 0.8 part C-3. When 
the proportion of the glucose 6-phosphate metabolized by the 
pentose cycle declines the composition of the glucose 6-phosphate 
more nearly resembles that of the original glucose; thus when 
only 10% is metabolized via the pentose cycle, 0.834 part of 
position 1 is from C-1, 0.846 of position 2 from C-2, and 0.923 


In terms of Q 











a a qa 2 =o 

3 — Q’ 3 —Q’ 3-Q ’ 
_20a-Q ei 2 
Yas 3—Q 


Since the sum of the activities contributed by C-1, C-2, and C-3 
of glucose to any one position is 1.0, the contributions by C-2 or 
C-3 also can be calculated by difference. 
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of position 3 from C-3. It is noted that as a result of the pentose 
cycle C-3 of the glucose appears in positions 2 and 1 and as a 
consequence C™ of glucose-3-C“ would be incorporated into 
acetyl-CoA and into its derivatives such as acetoacetate or fatty 
acids. Evidence of this conversion has in fact been observed in 
experiments with mammary gland, in which C™ derived from 
glucose-3 ,4-C™ was found in fatty acids (5). 

Yields of C™ in Triose Phosphate Derivatives and Estimation of 
Role of Pentose Cycle—It is evident from Table I that the amount 
of C™ that will be present in the dihydroxyacetone phosphate 
formed from glucose-1-C“ by the Embden-Meyerhof pathway 
will be greatly influenced by recycling via the pentose cycle. 
If none of the glucose is utilized by the pentose cycle, 33.3% of 
the carbon of the dihydroxyacetone phosphate will arise from 
C-1 of the glucose; but if 100% is utilized by the pentose cycle, 
only 11.1% will be from C-1 (100(0.333/3)). The following is 
an illustration of a calculation of the C™ yields in triose phos- 
phate arising from glucose-1-C™ and glucose-6-C" with the model 
of Fig. 1 as a basis. 

Assume that 100 moles of glucose are utilized as follows: 
Embden-Meyerhof pathway 50%, pentose cycle 40%, nontriose- 
P pathways 10%. The specific activity of position 1 of the 
glucose 6-phosphate relative to that of the C-1 of the glucose- 
1-C“ would be 0.556 (cf. Table I under 40% pentose cycle). 
The specific activity of position 6 of the glucose 6-phosphate 
would be 1.0 relative to C-6 of the glucose-6-C™. 

The relative C™ yields in the triose phosphate would be as 
follows: 


C\-triose-P from C™-triose-P from 


glucose-1-C™ glucose-6-C™ 
Embden-Meyerhof pathway 50 X 0.556 50 X 1.0 
Pentose cycle 40 X 1.0 
From the above 
4 j } ® of 4 
C* in triose-P from glucose-1-C 50 X 0.556 = 0.309 





C* in triose-P from glucose-6-C™ ~ "60 + 40 


A general expression for the triose ratio can be written as in 
Expression II in which Q is the specific activity of position 1 of 











| 
Ol234567890 


Tr-P of G4-C!4/7 P of G-6-c!4 


Fia. 3. Effect of recycling on the yields of C' in triose phos- 
phate (Tr-P) from glucose-1-C'* and glucose-6-C" as a function 
of pathways of glucose 6-phosphate metabolism. Solid line is for 
a complete pentose cycle and was derived from Expression II, cf. 
text; broken line, pentose pathway without recycling (cf. text). 
All metabolism of glucose 6-phosphate is by the Embden-Meyer- 
hof (EM) pathway and pentose cycle (PC). 
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the glucose 6-phosphate relative to that of C-1 of glucose (from 
Table I or Expression I). 


C¥ in triose-P from glucose-1-C% 





C* in triose-P from glucose-6-C¥ (ID 


™ % Embden-Meyerhof pathway) Q 
- % Embden-Meyerhof pathway + % pentose cycle 





It is evident from Expression II that the ratio of the C™ yields 
depends on three variables and that the relationship between the 
metabolic pathways and the C" in the triose phosphates will be 
quite complex. 

In practice, the C“ yields are not measured in the triose phos- 
phate but are determined in a derivative of the triose phosphate 
and assumed to be proportional to that of the triose phosphate. 
For example, Abraham e¢ al. (5, 6) and Felts et al. (7) have meas- 
ured the C™ in fatty acids and Black et al. (8) in alanine, serine, 
and glycerol. If, for example, the C yield in the compound 
from glucose-1-C“ was 0.6 of that of the compound from glu- 
cose-6-C™, then 60% of the metabolism of glucose was considered 
to be by the Embden-Meyerhof pathway and 40% by the pentose 
cycle. Such a relationship is depicted by the dotted line in Fig. 
3. The solid line in Fig. 3 is derived by means of Expression II 
and thus includes the variation in the triose ratios which is caused 
by recycling in the pentose cycle. To simplify the presentation 
Fig. 3 has been derived on the assumption that no utilization 
occurs by nontriose-P pathways. It is clear that the effect of 
recycling is marked. Thus, under the conditions of Fig. 3, a 
triose ratio of 0.5 would correspond to 75% metabolism by the 
Embden-Meyerhof pathway rather than 50% as would be the 
case if no recycling occurred. 

The actual conditions are more complex than depicted in Fig. 
3 since the participation of the nontriose-P pathways must be 
considered. The relationships are depicted in Fig. 4, which was 
derived by means of Expression II. In Fig. 4A a family of 
curves is shown in which the ratio of the amount utilized by 
Embden-Meyerhof pathway to that of the pentose cycle was 
kept constant at 1:3, 1:1, 3:1, and 9:1 as shown at the top of 
the Fig. 4A. The per cent utilized via the nontriose-P pathways 
was varied as shown on the left ordinate. The ratio of the 
yields of C™ in the triose phosphate from glucose-1-C™ and glu- 
cose-6-C™ is indicated on the abscissa. In Fig. 4B the amount 
utilized via the Embden-Meyerhof pathway was kept constant 
at 20, 50, or 70% and the per cent metabolized via the pentose 
cycle and nontriose-P pathways was varied inversely. Separate 
scales are shown on the right ordinate to represent the per cent 
of nontriose-P pathway for each value of the Embden-Meyerhof 
pathway. In Fig. 4C, the per cent metabolized via the pentose 
cycle is kept constant and the per cent metabolized via the 
Embden-Meyerhof pathway and nontriose-P pathways is varied 
inversely. A family of curves for 10, 25, or 60% pentose cycle 
is plotted. 

A number of facts become apparent from Fig. 4. First it is 
to be noted (Fig. 4A) that the triose ratio may vary even though 
the proportion of the Embden-Meyerhof pathway to the pentose 
cycle is constant. This occurs because the relative specific ac- 
tivity of position 1 (Q) is dependent on the amount of the glucose 
6-phosphate regenerated by the pentose cycle as compared to 
the total glucose 6-phosphate utilized (cf. Fig. 2 and Expression 
I). For example, when the Embden-Meyerhof pathway is 75% 
and the pentose cycle is 25% (Fig. 4A, Embden-Meyerhof :pen- 
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tose cycle = 3:1, and nontriose-P pathway = 0%), Q is 0.667 
and the ratio is 0.5, but when the Embden-Meyerhof pathway 
is 7.5%, the pentose cycle 2.5%, and the nontriose-P pathways 
90%, Q is 0.952 and the ratio is 0.715. Thus, when there is no 
change whatsoever in the amounts of glucose utilized via the 
Embden-Meyerhof and pentose cycle but metabolism by non- 
triose-P pathways increases (for instance, an increase in glycogen 
deposition), the triose ratio from glucose-1-C™ and glucose-6- 
C"* will increase. 

Second, it is evident from Fig. 4 that a single triose ratio can 
occur with numerous different combinations of pathways. For 
example, from Fig. 4B a ratio of 0.5 may represent a situation 
with 70, 25, and 5, or 50, 21, and 29, or 20, 13, and 67% Embden- 
Meyerhof pathway; pentose cycle and nontriose-P pathways, 
respectively. Other combinations can be obtained from Figs. 
4A and 4C. 

Thirdly, it can be seen from Fig. 4C that when the Embden- 
Meyerhof pathway exceeds 60% and the pentose cycle is less 
than 25% (a situation likely to prevail in many tissues), the 
triose ratio remains fairly constant in spite of changes in the 
per cent utilized by the Embden-Meyerhof pathway. Thus, for 
instance, a ratio of approximately 0.74 + (0.02) is maintained 
when the pentose cycle contributes 10% to glucose metabolism 
and the fraction utilized via the Embden-Meyerhof pathway is 
varied from 90 to 60%. 

Clearly, the ratio of the yields of C" in triose phosphates from 
glucose-1-C' and glucose-6-C™ per se cannot be used directly to 
determine the relative contribution of the pathways. The only 
definite information that this ratio can provide is the maximal 
possible contribution of the pentose cycle to glucose metabolism. 
For example, from Fig. 4C it is seen that when the triose ratio 
from glucose-1-C" and glucose-6-C™ is 0.75, not more than 10% 
of the total glucose utilization can occur via the pentose cycle. 

Blumenthal e¢ al. (9) and Wenner and Weinhouse (10) have 
used a somewhat different procedure of determining the path- 
ways. They have estimated the C" yields in triose phosphate 
derivatives by use of glucose-1-C™ and glucose-U-C™ and have 
assumed, as did others, that the Embden-Meyerhof pathway 
yields labeled triose phosphate from glucose-1-C™ but the pentose 
cycle yields unlabeled triose phosphate. The glucose-U-C™“ 
would yield labeled triose phosphate by both pathways and, 
therefore if metabolism occurred by the pentose cycle the C™ 
concentration would be lower in the triose phosphate derivative 
from glucose-1-C“ than from glucose-U-C%. The endogenous 
dilution was assumed to be the same for each type of labeled 
sugar and its effect was considered to be eliminated through the 
comparison of the two sugars. No correction was made, how- 
ever, for the effect of recycling as presented in Table I. Since 
recycling with glucose-U-C™ does not alter the concentration of 
C“ in the glucose 6-phosphate but it does with glucose-1-C", it 
is clear that the method is subject to the same error as described 
previously for glucose-1-C™ and glucose-6-C™, 

The effect of recycling can be avoided, however, by the use of 
glucose-6-C™ since the concentration of C" in this position is not 
altered in the pentose cycle. The following example serves as 
an illustration. 

Assume 100 moles of glucose are utilized as follows: Embden- 
Meyerhof pathway 40%, pentose cycle 30%, nontriose-P path- 
ways 30%. The Embden-Meyerhof pathway would yield 80 
moles of triose phosphate and the pentose cycle 30 moles, thus 
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Fig. 4. Ratio of yields of C4 of triose phosphate from glucose- 
1-C* and glucose-6-C™ as a function of pathways of glucose 6- 
phosphate metabolism. Curves derived by Expression II, cf. 
text. In A the proportion of glucose 6-phosphate metabolized by 
the Embden-Meyerhof (EM) pathway and pentose cycle (PC) is 
kept constant (EM:PC 1:3, 1:1, 3:1, or 9:1) and the percentage 
metabolized by nontriose-P pathways (NT) is varied. In B me- 
tabolism by the Em pathway is kept constant (20, 50, or 70%) and 
the metabolism by the pentose cycle and nontriose-P pathways is 
varied inversely. In C metabolism by the pentose cycle is kept 
constant (10, 25, or 60%), and metabolism via the Embden-Meyer- 
hof and nontriose-P pathways is varied inversely. 
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TaB.e II 
Comparison of conversion of lactate-1-C'* and lactate-3-C'4 to CO2 
by tissue slices 
Results are expressed in per cent of administered C'*. All 
flasks contained 500 mg of slices, 50 ymoles of lactate, and when 
stated 50 wmoles of unlabeled glucose. Incubation time was 3 
hours except for experiments of Reference 6 which were 2 hours. 











Lactate con- = 
- - : Substrate | verted toCOz | 3 cu 
g Condition of rat Tissue in addition pion 
§ to lactate |———________ pared 
s -1-C™ | -3-C1 |to -1-C™ 
% % % 
14 | Normal, fed Liver None 41 9.1 | 22 
14 | Diabetic Liver None 47 | 12.5 | 27 
14 | Diabetic-insulin Liver None 41 3.5] 8.5 
2 | Normal, fed Liver Glucose} 46 7.3 | 15.6 
15 | Fasted 40 hrs Liver Glucose} 39 | 13 33 
6 | Lactating 10 days | Mam- None 23 6 26 
mary 
gland 
6 | Lactating 10 days | Mam- Glucose} 43 1.5| 3.4 
mary 
gland 























the fraction of triose phosphate formed by the pentose cycle 
would be 30/110 = 0.273. 

With glucose-6-C™, the molar specific activity of triose phos- 
phate relative to that of the glucose would be 0.5 by the Embden- 
Meyerhof pathway and it would be 1 by the pentose cycle. 
With glucose-U-C%, it would be 0.5 by either pathway since on 
a molar basis the activity of a triose phosphate would be half 
that of the hexose phosphate. The relative yields of C™ in the 
triose phosphates would thus be as follows: 


Glucose-6-C'* Glucose-U-C™ 
Embden-Meyerhof pathway 2 X 40 X 0.5 2X 40 X 0.5 
Pentose cycle 30 X 1 30 X 0.5 


C* in triose-P from glucose-6-C™ 





C* in triose-P from glucose-U-C"“ 


_ 2x 40x 05+ 30X1 
~ 2x 40 X 0.5 + 30 X 05 





= 1.273 


The fraction of the triose phosphate formed by the pentose cycle 
would be equal to 1.273 — 1 = 0.273. A general expression is 
shown in Expression III: 


C* in triose-P from glucose-6-C" 
C* in triose-P from glucose-U-C" 





% Embden-Meyerhof + % pentose cycle 
% Embden-Meyerhof + 0.5 (% pentose cycle) 





(III) 
% pentose cycle 
2 (% Embden-Meyerhof) + % pentose cycle 





= fraction of triose-P from pentose cycle® 


The proportion of glucose metabolized by the pentose as com- 
pared to that metabolized by Embden-Meyerhof pathway can 
6 If acetyl derivatives are used (acetoacetate, fatty acids, the 


ratio has to be divided by 1.5, since 4 of the activity from glucose- 
U-C" is lost upon decarboxylation (11). 
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be computed from the above expression by correcting for the 
fact that the Embden-Meyerhof pathway yields two and the 
pentose cycle one triose phosphate per glucose. An example is 
given in the discussion. However, it is to be noted that this 
calculation does not give the per cent of the total! glucose 6- 
phosphate metabolized by each pathway since the per cent of 
glucose metabolized by the nontriose-P pathways is unknown. 
Wenner and Weinhouse (10) were aware of this fact and clearly 
pointed out that their measurement covered only that metabo- 
lism yielding triose phosphate. In some of their studies Wenner 
and Weinhouse (11) used glucose-6-C'; however, they did not 
discuss the advantages that it provides over glucose-1-C". Their 
values for the fraction of the triose derivatives formed by the 
Embden-Meyerhof pathway from glucose-6-C“ were somewhat 
higher than those calculated with glucose-1-C“ and this may 
have been due to the loss of C' from C-1 by recycling. 

The problem of how the triose ratios can be used to estimate 
the Embden-Meyerhof pathway and pentose cycle in terms of 
the total metabolism of glucose 6-phosphate will be dealt with 
in the discussion. 

‘telds of C4 in CO. and Estimation of Role of Pentose Cycle— 
The yields of C'* in CO, from labeled glucose are easily measured 
but are difficult to evaluate in terms of the metabolic pathways. 
All of the factors which affect the yields of C™ in the triose phos- 
phate come into play and superimposed on these are other fac- 
tors. This is due to the fact that the pentose cycle yields CO, 
directly from C-1 of glucose via 6-phosphogluconate whereas the 
Embden-Meyerhof pathway yields none. C-1 and C-6 of glu- 
cose become C-3 of the triose phosphate in the Embden-Meyerhof 
pathway and are converted to CO, in the Krebs cycle. There is 
no direct or simple relationship between the triose phosphate 
formed and the CO: derived therefrom. The triose phosphate is 
converted in part to serine, glycerol, etc., and in part to pyruvate 
which, in turn, is converted to acetyl-CoA and CO:. Part of 
the acetyl-CoA is used for fatty acid and sterol synthesis and 
only a part enters the Krebs cycle. Of the acetyl carbons enter- 
ing the cycle, only a fraction will finally be liberated as CO, 
since a part will be incorporated into compounds such as aspar- 
tate and glutamate which are formed via the cycle (12, 13). The 
low yield of CO. from the methyl carbon of acetyl-CoA is dem- 
onstrated in Table II in which the yields of C“ from carbons 1 
and 3 of lactate are compared under a variety of conditions. 
In liver slices the yield of COz from C-3 of lactate is shown to 
vary from 8.5 to 33% of that from carbon 1 and in mammary 
gland slices it drops to 3.4%. Bloom et al. (16) and Bloom and 
Stetten (17) were the first to recognize and attempt to correct 
for incomplete oxidation of the acetyl-CoA by use of the C“O, 
yields from lactate-3-C" and lactate-1-C". To apply the cor- 
rection they assumed (17) that all the triose phosphate formed 
was oxidized to pyruvate and that it in turn was all decarbox- 
ylated to CO2 and acetyl-CoA. Since a considerable amount of 
the C™ of the triose phosphate is incorporated into compounds 
without decarboxylation of pyruvate the correction for incom- 
plete oxidation of the triose phosphate was without doubt too 
low. Actually in such tissues as tumor (11) and cornea (18) 
lactate is the major product of glucose metabolism. 

To illustrate the effect of incomplete oxidation assume that 
100 moles of glucose are utilized and that the metabolism is as 
follows: nontriose-P pathways 10%, pentose cycle 10%, Embden- 
Meyerhof pathway 80%, C-3 of the triose phosphate oxidized 
to COz 30%. 
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The specific activity of position 1 of the glucose 6-phosphate 
relative to the glucose-1-C would be 0.834 (Table I). Eighty 
moles each of dihydroxyacetone phosphate and glyceraldehyde 
3-phosphate would be formed by the Embden-Meyerhof cleavage 
and 10 moles of glyceraldehyde 3-phosphate by the pentose 
cycle. Thirty moles of CO2 would be derived from position 1 
of the glucose 6-phosphate (Reaction la) and in addition C“O. 
would be formed from C-3 of the triose phosphate via the Krebs 
cycle. 

The C¥ yields of CO2 would be as follows: 


Glucose-1-C™4 
80 X 0.834 X 0.3 


Glucose-6-C™ 
Embden-Meyer- 80 X 1.00 X 0.3 

hof pathway 
Pentose cycle 


10 X 3 X 0.834 10 X 1.00 X 0.3 





Sum 0.834 (80 X 0.3 + 10 X 3) (10 + 80) X 1.00 X 0.3 


CO, from glucose-6-C™ 
CO, from glucose-1-C™ 


(10 + 80) xX 0.3 
0.834 (80 X 03 +3 10) 





0.60 


A general expression may be derived as given below in Expres- 
sion IV, in which the specific activity of position 1 of the glucose 
6-phosphate relative to that of C-1 of the glucose is Q (from 
Table I) and the fraction of C-3 of the triose phosphate which 
is oxidized to CO: is N. 


CO, from glucose-6-C 
CO. from glucose-1-C 





N (% Embden-Meyerhof pathway (IV) 
g + % pentose cycle) 
~ Q[(% Embden-Meyerhof pathway) N 
+ 3 (% pentose cycle)] 





It is evident from Expression IV that the CO: yields depend 
on four variables. 

To simplify the presentation, Fig. 5 was derived on the as- 
sumption that no utilization occurred via nontriose-P pathways 
and that metabolism was 80% by the Embden-Meyerhof path- 
way and 20% by the pentose cycle. N was varied from 1.0 
(complete oxidation) to 0 (no oxidation). The solid line repre- 
sents the condition in which the complete pentose cycle operates 
and was derived by means of Expression IV; the broken line 
represents the operations of the pentose pathway without re- 
cycling’ (Reaction 2a). 

It is apparent that changes in N affect the ratios much more 
than does recycling and whether recycling occurs or not the COz 
ratio decreases dramatically with a decrease in N. When N = 
0.1 the CO, ratio is 0.2 in Fig. 5. Such a low ratio might be 
considered to indicate metabolism largely by the pentose cycle, 
but clearly this is not necessarily true since in the illustration 
the Embden-Meyerhof pathway was 80% and pentose cycle 20%. 
Low ratios would arise in tissues which convert triose phosphate 
or acetyl-CoA largely to lactate or fatty acids and where, con- 
sequently, there is little oxidation of C-3 of triose phosphate to 
CO». It is evident that the CO: yield is dependent on the rela- 
tive rate of formation of CO: via the pentose cycle and the Krebs 
cycle but the latter has little relationship to the C™ in the hexose 


7 When no recycling occurs Expression IV reduces to Expression 
V. 


N (% Embden-Meyerhof pathway + % pentose cycle) 
N (% Embden-Meyerhof pathway) + % pentose cycle 
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Fia. 5. Effect of recycling and incomplete oxidation on the ratio 
of yields of CO. from glucose-1-C'™ and glucose-6-C’%. N = 
fraction of C-3 of triose phosphate oxidized to COz. Curves de- 
rived from Expressions IV and V of text. Solid line is for com- 
plete pentose cycle, broken line for pentose pathway without re- 
cycling. 80% of metabolism is via the Embden-Meyerhof path- 
way and 20% by the pentose cycle, none by nontriose-P pathways. 











at the glucose 6-phosphate level. In tumor slices, triose phos- 
phate oxidation is very low (11) and is even further depressed 
when incubated with high glucose concentrations (19) (Crab- 
tree effect). This explains the occurrence in tumors of CO, 
ratios less than 1, although the occurrence of the pentose cycle is 
small as judged by the yields of C™ in the triose phosphate de- 
rivatives (11). It also explains the decrease in ratios observed 
when the glucose concentration in the medium was increased 
(20). Clearly if the value of N is unknown no evaluation of the 
metabolic pattern from CO, ratios is possible. 

A more complete analysis of C“O: ratios from glucose-6-C™“ 
and glucose-1-C'* may be derived by means of Expression 1V* if 
one of the 4 variables is held constant and the other 3 are varied. 
An example in which the metabolism via the Embden-Meyerhof 
pathway was kept constant and the metabolism via the pentose 
cycle and nontriose-P pathways was varied inversely is presented 
in Fig. 6. Three families of curves are shown for different values 
of N and for Embden-Meyerhof pathway 80%, Embden-Meyer- 
hof pathway 50%, or Embden-Meyerhof pathway 20%. Several 
facts are apparent from this figure. It is apparent that from 0 
to 20% pentose cycle the CO, ratio decreases rapidly. Beyond 
20% two types of curves occur: (a) there is a vertical rise in- 
dicating there is little or no change in the CO, ratio with in- 
creased per cent pentose cycle, and (b) the curves become concave 
and pass through a minimum. Thus a given ratio may repre- 
sent two sets of values even on a single curve. For example, in 
Fig. 6 for 20% Embden-Meyerhof pathway and when N = 0.5, 
a ratio of 0.5 represents both 7% pentose cycle and 73% non- 
triose-P pathways and also 73% pentose cycle and 7% nontriose- 
P pathways. 

Clearly, a ratio may represent a wide variety of metabolic 
patterns. A line drawn parallel to the ordinate in Fig. 6 will 
intersect the curves in many points, yielding a different metabolic 


8 It is assumed in these calculations that CO, is not produced 
in the nontriose-P pathways. This might occur via the glucuro- 
nate pathway, or by an incomplete pentose pathway. The con- 
version of glucose 6-phosphate to pentose phosphate and CO; via 
6-phosphogluconate followed by utilization of the pentose for 
nucleic acid synthesis is a nontriose-P pathway. 








2172 


od 8 





SsB SSB 











PC % 


es 8S 8558 











O.1.2345 67 89 10 
C402 d 6-6-C4/ cM, ¢ c--c4 


Fia. 6. Effects of metabolic pathways and incomplete oxidation 
of triose phosphate to CO: on the ratio of yields of CO. from 
glucose-1-C'* and glucose-6-C'*. N = fraction of C-3 of triose 
phosphate oxidized to CO2. Curves derived by Expression IV of 
text. Metabolism by the Embden-Meyerhof (EM) pathway is 
kept constant (EM = 20, 50, or 80%) and the metabolism via the 
pentose cycle (PC) and nontriose-P pathways (NT) is varied in- 
versely. 


pattern for each intersection, all with the same CO: ratio. Even 
for a fixed value of N a given ratio represents a wide range of 
conditions. When the pentose cycle is predominant a ratio close 
to 1 may occur although such a ratio has been considered to in- 
dicate predominance of the Embden-Meyerhof pathway. Con- 
versely a low ratio may occur when the Embden-Meyerhof path- 
way is predominant and a low ratio has usually been considered 
to indicate that the pentose cycle is predominant. It is apparent 
that even when N is known CO, ratios convey only a limited 
information on the metabolic patterns of glucose metabolism. 


DISCUSSION 


The principal purpose of this paper is to illustrate the effect 
of recycling via the pentose cycle and to consider related diffi- 
culties encountered in methods which have been used to evaluate 
the role of the pentose cycle in metabolism. The presentation 
is based entirely on an assumed model of glucose metabolism. 
The assumptions made in the model are, at best, approximations 
and for many systems would not be valid. An isotopic steady 
state may be approached in perfused organs or tissue slices in 
the presence of excess C™ substrate, but such steady state is 
never attained in experiments in vivo with a single tracer appli- 
cation in animals. The calculations are based on the operation 
of the complete pentose cycle, 7.e. the fructose 6-phosphate of 
the cycle is in isotopic equilibrium with the glucose 6-phosphate. 
In mammary gland (21) and in erythrocytes (22) recycling is 
very extensive but for other tissues, no pertinent data exist. 


Evaluation of Role of Pentose Cycle 


Vol. 235, No. 8 


It is by no means certain that the hexose monophosphates formed 
in the pentose cycle and Embden-Meyerhof pathway are in 
isotopic equilibrium; the same is true for the triose phosphates 
of these pathways. In addition to reactions depicted in Fig. 1, 
glucose may yield triose phosphates or COz by other pathways 
either known or yet unknown. Several such pathways occur in 
bacteria and in mammals; the glucuronate pathway yielding 
CO, from C-6 of glucose has been established (23). It seems, 
however, that quantitatively the glucuronate pathway plays a 
limited role in glucose metabolism in animals (24). 

The most weighty criticism of the model is the failure to con- 
sider resynthesis of hexose monophosphate from triose phosphate 
formed from the labeled sugars and the reversibility of the trans- 
aldolase-transketolase reactions. The effect of reversal of these 
reactions on the C™ patterns of hexoses has been discussed (3, 4, 
25-27). Nevertheless, only a limited randomization has been 
observed thus far in the 6 carbons of hexose units, one of the 
largest being in the lactose of milk (4). In the liver, in spite of 
predominant glucose synthesis very limited randomization of C-1 
and C-6 occurs in the conversion of glucose to glycogen (28). 
Thus there appears to be very little re-entry of C™ into glucose 
6-phosphate from triose phosphate formed from the labeled glu- 
cose. In part the re-entry may be small because of dilution of 
C™ at the triose level from unlabeled substrate and in part be- 
cause the phosphatase for conversion of fructose 1 ,6-diphosphate 
to fructose 6-phosphate may be weak relative to other enzymes 
involved in the utilization of glucose. 

Even under the conditions of the model, none of the procedures 
we have discussed (Figs. 3 to 6) provides quantitative data on 
the role of the pentose cycle and Embden-Meyerhof pathway in 
terms of the total metabolism of glucose. Most workers have 
concerned themselves with the determination of proportion of 
the glucose metabolized by the pentose cycle as compared to 
that metabolized by the Embden-Meyerhof pathway based on 
triose ratios. Of the methods used the only one which is valid 
is that based on ratios from glucose-6-C“ and glucose-U-C™ 
(Expression III). The ratio with glucose-1-C™ and glucose-6- 
C* cannot be used unless the extent of recycling in the pentose 
cycle is determined by some other method and a correction is 
made as illustrated below. 

Method of Calculating Roles of Pathways in Terms of Total 
Metabolism of Glucose—If the evaluation of pathways is to be 
made in terms of the total metabolism of glucose there are three 
unknowns to be determined, i.e. the per cent pentose cycle, 
Embden-Meyerhof pathway, and nontriose-P pathways, of 
which only two must be measured since the third can be obtained 
by difference. Thus if the above described assumptions of the 
model are valid, the following two determinations will provide 
the solution: (a) the per cent of the total glucose 6-phosphate 
metabolized via the pentose cycle, and (b) the proportion of the 
glucose 6-phosphate metabolized via the pentose cycle compared 
to that of the Embden-Meyerhof pathway as based on triose 
phosphate ratios. Clearly, if (a) is known the Embden-Meyer- 
hof pathway can be calculated in terms of the total metabolism 
from (b) and the nontriose-P pathways can be obtained by differ- 
ence. 

Estimation of Percentage of Total Glucose 6-Phosphate Metabo- 
lized via Pentose Cycle—Under conditions as defined above there 
seem to be three general methods for determination of the per 
cent of the total metabolism of glucose proceeding via the pen- 
tose cycle. 
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(a) The first method is based on the distribution of C™ in 
positions 1, 2, and 3 of glucose 6-phosphate. This method is 
possible because the extent of randomization of C™ in these 
positions is dependent on the per cent of the glucose 6-phosphate 
which is recycled via the pentose cycle but is independent of 
the pathways by which the remaining glucose 6-phosphate is 
utilized (Embden-Meyerhof or nontriose-P pathways). Glucose- 
2-C or glucose-3-C™ may be used as the substrate and a glucose 
6-phosphate derivative (e.g. glycogen or galactose) is isolated 
and degraded and the C* distribution in positions 1, 2, and 3 is 
determined. The solid lines of Fig. 7 show the ratios of activ- 
ities of positions 3 to 2 and 1 to 2 of glucose 6-phosphate formed 
from glucose-2-C™ and the broken lines the ratios of position 1 
to 3, 1 to 2, and 2 to 3 from glucose-3-C™ as a function of the 
pentose cycle. For example, the ratio of positions 1 to 3 of the 
glucose 6-phosphate formed from glucose-3-C™ at 100% pentose 
cycle is 0.333/0.750 = 0.444, see Table I. Under actual experi- 
mental conditions glucose-3-C"’ might prove superior to glucose- 
2-C4 since breakdown and resynthesis via the Embden-Meyerhof 
pathway and Krebs cycle would introduce C™ from glucose-2-C™ 
into positions 1 and 3 of the resynthesized glucose 6-phosphate 
but with glucose-3-C" no randomization of C™ would occur into 
positions 1, 2, 5, and 6. The only known mechanism of intro- 
ducing C™ from glucose-3-C™ into positions 1 and 2 is via the 
pentose cycle. In the past, glucose-3-C™ has not been available 
but Tregoning et al. (29) have recently synthesized this type of 
labeled sugar. Glucose-3,4-C“ may be prepared biosyntheti- 
cally and would be suitable for the purpose. Alternatively com- 
pounds such as CO, or carboxyl-labeled acetate or propionate 
may be used. These compounds label triose phosphate only in 
carbon 1 and thus yield 3,4-labeled hexoses by the Embden- 
Meyerhof pathway. The extent of randomization of C™ into 
other positions could be used as a measure of the pentose cycle. 
This approach was first used by Bernstein et al. (30). 

Instead of isolating and degrading a hexose phosphate deriva- 
tive a triose derivative (such as glycerol, serine, or lactate) might 
be used to obtain the ratios for Fig. 7. However, the further 
the compound is removed from hexose phosphate, the greater 
are the chances of distortion of the labeling pattern by reactions 
such as recycling via the Krebs cycle, CO: fixation, and many 
others. 

(b) A second procedure for determining the degree of recycling 
and the contribution of the pentose cycle to total glucose metabo- 
lism is the measurement of the ratio of the yields of C* in triose 
phosphate derivatives. For this purpose pairs of labeled glucose 
should be chosen such that the ratio of yields of C™ in the triose 
phosphates is dependent on recycling but independent of the 
relative proportion of the Embden-Meyerhof and nontriose-P 
pathways. Glucose-1-C"™ together with glucose-2-C" or glucose- 
3-C" is suitable for this purpose. As an illustration assume that 
100 moles of glucose are utilized and that the metabolism is as 
follows: pentose cycle 20%, Embden-Meyerhof pathway 50%, 
nontriose-P pathways 30%. Fifty moles of labeled dihydroxy- 
acetone phosphate would be formed by the Embden-Meyerhof 
pathway from positions 1, 2, and 3 of the glucose 6-phosphate 
and in the case of glucose-1-C" the relative molar specific activity 
of the dihydroxyacetone phosphate would be 0.715 whereas 
with glucose-2-C™ it would be 1.089 (Table I, 20% pentose 
cycle). Fifty and 20 moles of unlabeled glyceraldehyde phos- 
phate would be formed by the Embden-Meyerhof pathway and 
pentose cycle respectively from positions 4, 5, and 6. 
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The ratio of the C™ yields in the triose phosphate would be as 
follows: 


C* in triose-P from glucose-1-C* 500.715 0.715 
C* in triose-P from glucose-2-C“ 50 X< 1.089 1.089 


The per cent of the Embden-Meyerhof pathway cancels out of 
the ratio, therefore the ratio is clearly dependent only on the 
relative extent of the pentose cycle. Compare this ratio with 
Expression II for glucose-1-C“ and glucose-6-C" in which it is 
seen that both the Embden-Meyerhof pathway and pentose cycle 
remain in the expression. 

The ratio of the yield of Cin triose phosphate from glucose- 
1-C“ compared to the yields from glucose-2-C™ is shown in Fig. 
8 (solid line) and the same type of plot (- --—) for glucose-1-C™ 
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Fic. 7. Ratios of C in positions of glucose 6-phosphate from 
glucose-2-C"* and glucose-3-C™ as a function of the % of the glu- 
cose 6-phosphate metabolized by the pentose cycle (PC). Curves 
derived from Tables I. Solid lines with glucose-2-C"4, broken lines 
with glucose-3-C'%. Ratios of positions 1/2 from glucose-2-C 
and 1/2 and 2/3 of glucose-3-C™ are identical. 
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Fic. 8. The ratio of the C4 yields in glucose 6-phosphate, triose 
phosphate (Tr-P), and acetyl derivatives as a function of the % 
of the glucose 6-phosphate metabolized by the pentose cycle (PC). 
Data derived from Table I, cf. text. —— is the ratio of C™ ac- 
tivity in triose phosphate or glucose 6-phosphate with glucose- 
1-C* and glucose-2-C4; - - - is ratios of triose phosphate or glu- 
cose 6-phosphate with glucose-1-C™ and glucose-3-C™; — - — is 
ratios of glucose 6-phosphate with glucose-1-C™ and glucose-6-C™ 
or uniformly labeled glucose-U-C!*; — — is ratios of acetyl deriva- 
tive (AC) with glucose-3-C™ and glucose-1-C™. 
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to glucose-3-C™. It is clear that C™ trios ratios from either 
pair of sugars give a measure of the per cent pentose cycle. 

The ratio of acetyl derivatives such as fatty acids also may be 
used for this purpose. The ratios with glucose-3-C™ and glu- 
cose-1-C™ are of particular interest and are shown in Fig. 8 
(——-—,). The curve was derived from the values of Table I 
and is a linear function. Glucose-3,4-C“ may be used if it is 
assumed that all incorporation into acetyl derivatives is from 
C-3. There may be more error with acetyl derivatives than 
triose phosphate derivatives because of unequal loss of C“ from 
the acetyl derivatives in the Krebs cycle. A methyl-labeled 
acetyl derivative would arise from the glucose-1-C™ and methy] 
and carboxyl derivative with highest activity in the carboxyl 
from the glucose-3-C“. There is evidence however, that the 
acetyl derivatives which enter the fatty acids may not pass 
through the Krebs cycle to a significant extent. For example, 
when Popjak e¢ al. (31) gave glucose-1-C™ to a goat and degraded 
the octanoic acid from the milk fat they found only 6% of the 
C* in the odd numbered carbons and 94% in the even numbered 
carbons. If acetyl groups of the fatty acid passed through the 
Krebs cycle the C' would be randomized into both the odd and 
even numbered carbons. In addition Felts et al. (14) have shown 
in rat liver slices that the incorporation of carbons 2 or 3 of lac- 
tate occurs to an equal extent in fatty acids and in acetoacetate. 

(c) The third method is similar to the second method but is 
based on the ratio of C in glucose 6-phosphate derivatives such 
as glycogen. The theoretical ratios of the glucose 6-phosphate 
derivatives from glucose-1-C™ and glucose-2-C™ or glucose-3-C™“ 
are the same as those for the triose phosphate derivatives, see 
Fig. 8. In addition the ratio of C" yields in glucose 6-phosphate 
derivatives from glucose-1-C™ and glucose-6-C™ or glucose-U-C™ 
are presented in Fig. 8 (— -—). This curve was derived from 
values in Table I and corresponds to a plot of the values of posi- 
tion 1 from glucose-1-C“%. This is possible because the ratio 
with glucose-6-C" or glucose-U-C™ serves to correct for endoge- 
nous dilution and the C™ concentration in the glucose 6-phos- 
phate from these two labeled sugars is not altered by the pentose 
cycle, Embden-Meyerhof or nontriose-P pathways. The ratios 
of C™ yields in glucose 6-phosphate from glucose-3-C“ and 
glucose-6-C™ or glucose-U-C may likewise be used. For ex- 
ample the ratio for 20% pentose cycle would be 1.96 and for 50% 
pentose cycle it would be 1.40, see Table I. 

Of the three methods the one of choice probably is the determi- 
nation of the ratios of C“ in positions 1, 2, and 3 of a hexose unit 
as illustrated in (a) and in Fig. 7. This method does not involve 
the variables arising from comparison of two separate experi- 
ments. Method (c) is perhaps better than method (b) because 
the more removed the derivative is from glucose 6-phosphate and 
the closer it is to pyruvate the greater is the possibility of distor- 
tion of the yields of C by secondary reactions through recycling 
in the Krebs cycle and by other means. 

Illustration of Calculation of Pathways of Glucose Metabolism— 
There are at present no adequate data in the literature to which 
the calculations can be applied. An application of the methods 
outlined above to the existing experimental data will appear else- 
where. To summarize the procedure three sample calculations 
are presented with the use of the model system. In each example 
three steps are involved which give the same information but 


® Joseph Katz, ‘‘Use of glucose-C™ in studies of the pathways 
of glucose metabolism.’ In Radioactive Isotopen in Physiologie, 
Diagnostik und Therapie, Springer Verlag, Heidelberg, 1960. 
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utilize different data to obtain this information. Assume that 
the glycerol of the fat is isolated as representative of the triose 
derivative and the glucose unit of the glycogen is degraded as 
representative of the glucose 6-phosphate and that the metabo- 
lism is as follows: pentose cycle 40%, Embden-Meyerhof path- 
way 30%, nontriose-P pathways 30%. Assume that the follow- 
ing values are obtained. These values have been calculated by 
use of Table I and it has been assumed that the C™ in the glyc- 
erol is diluted 10 times and in the glycogen 25 times by endoge- 
nous metabolism. 


Relative molar specific activity 
compared to glucose 








Labeled C of glucose glycerol glycogen 
1 0.0167 0.0222 
2 0.0331 0.0443 
6 0.070 0.0400 
U 0.050 0.0400 
Distribution of C' in glucose 
unit from glucose-2-C™ 
Position of glucose unit % 
1 25.8 
2 57.7 
3 16.5 
4, 5, 6 none 


Example I—Experimental data: Glycogen from glucose-2-C! 
isolated and degraded. Glycerol from glucose-6-C" and glucose- 
U-C™ isolated. Although this method requires 3-labeled glu- 
coses and three separate experiments no correction is required 
for recycling. 

Step 1. The per cent of the total glucose 6-phosphate me- 
tabolized by the pentose cycle is determined by use of method 
(a) from the ratios of the C" in the different positions of the glu- 
cose unit of glycogen formed from the glucose-2-C4%. ($ = 
16.5/57.7 = 0.286 and 4 = 25.8/57.7 = 0.448). From Fig. 7 
these values correspond to 40% pentose cycle. 

Step. 2. The fraction of triose phosphate contributed by the 
pentose cycle is calculated by the use of Expression III from the 
C* in the glycerol from glucose-6-C™ and glucose-U-C. (0.070/ 
0.050 — 1 = 0.4). The fraction of the triose phosphate formed 
in the Embden-Meyerhof pathway is 1.0 — 0.4 = 0.6. 

On the assumption that 2 moles of triose phosphate are formed 
by the Embden-Meyerhof pathway per mole of glucose 6-phos- 
phate and only 1 by the pentose cycle the proportion of glucose 
6-phosphate metabolized by the Embden-Meyerhof pathway 
compared to that by the pentose cycle is 0.3/0.4. Since 40% 
of the glucose 6-phosphate is metabolized via the pentose cycle 
(Step 1) it follows from the above proportion that 30% of the 
total metabolism is via the Embden-Meyerhof pathway (40 x 
0.3/0.4). 

Step 3. The contribution of the nontriose-P pathways to glu- 
cose metabolism is 30% (100 — (40 + 30)). 

Example II—Experimental data: Glycogen and glycerol from 
glucose-1-C" and glucose-6-C" are isolated. Only two substrates 
and no degradations are required but correction for recycling is 
necessary. 

Step 1. With the use of method (c) the per cent of the total 
glucose 6-phosphate metabolized via the pentose cycle is deter- 
mined from the glycogen ratio 0.0222/0.040 = 0.556. From 
Fig. 8 (—- —) the value is 40%. 

Step 2. The relative fraction of the glucose 6-phosphate 
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utilized by the pentose cycle is determined from the ratio of C™ 
of the triose phosphate derivative formed from glucose-1-C™ and 
glucose-6-C", In this case the yield of C in triose phosphate 
from glucose-1-C™ is influenced by the pentose cycle and there- 
fore it is necessary to correct for the effect of recycling on the 
basis of the determination of Step 1. From Table I, 40% pen- 
tose cycle, the total relative activity of positions 1, 2, and 3 is 
0.556 for glucose-1-C“%. Therefore, the C“ value of the glycerol 
when corrected for recycling is 0.0167 /0.556 = 0.030. 
Since: 
Glucose-1-C!4 — C'4-triose-P by Embden-Meyerhof 


pathway, none by the pentose 
Glucose-6-C!4 — C!4-triose-P by both Embden-Meyerhof 
pathway and the pentose cycle 


C'-triose-P of glucose-1-C™ 
C-triose-P of glucose-6-C™ 





q C*-triose-P of Embden-Meyerhof pathway 
~ Ctriose-P of Embden-Meyerhof pathway 
+ C"-triose-P of pentose cycle 





Since a mole of labeled triose phosphate is equivalent to a mole 
of glucose 6-phosphate in either the Embden-Meyerhof pathways 
or pentose cycle the above ratio is equivalent to the fraction of 
the glucose 6-phosphate utilized in the Embden-Meyerhof path- 
way as compared to that utilized in both routes. With the use 
of the corrected value for glycerol from glucose-1-C" the fraction 
by the Embden-Meyerhof pathway is 0.03/0.07 = 0.428 and 
that by the pentose cycle is 1 — 0.428 = 0.572. The contribu- 
tion of Embden-Meyerhof pathway to the total metabolism is 
therefore 40 X 0.428/0.572 = 30%. 

Step 3. The nontriose-P pathways are 100 — (40 + 30) = 
30%. : , 

Example III—Experimental data: Glycerol from glucose-1- 
C4, glucose-2-C™, and glucose-6-C" isolated. This illustrates the 
procedure when all measurements are on triose phosphate deriva- 
tives. Presumably it would be used when a hexose phosphate 
derivative was not available. 

Step 1. The per cent of the total glucose 6-phosphate metabo- 
lized by the pentose cycle is determined by method (6) from the 
ratio of C™ in the triose phosphate derivative from glucose-1-C™ 
and glucose-2-C%, 0.0167 /0.0331 = 0.503 and from the solid line 
of Fig. 8 this value corresponds to 40% pentose cycle. 

Step 2. The fraction of the triose phosphate formed by the 
pentose cycle may be determined as in Step 2 of Example II or 
by use of the values of the glycerol from glucose-2-C™ and glu- 
cose-6-C4, Thus the fraction by the Embden-Meyerhof path- 
way is 0.0331/0.70 X 1.103 = 0.428 and by the pentose cycle is 
1 — 0.428 = 0.572. The remainder of the procedure is the same 
as in Example II. 

Sources of Errors in Determination—In addition to the sources 
of error that may arise because of the assumptions discussed 
above, there are others which should be noted. The first con- 
cerns the low sensitivity of the determination of the glucose 6- 
phosphate metabolized by the pentose cycle as compared to that 
by the Embden-Meyerhof pathway (Step 2). It has been noted 
that the curves representing the C'*-triose phosphate ratio from 
glucose-1-C™ and -6-C™ (Fig. 4C) are almost vertical when the per 
cent pentose cycle is less than 25% and the Embden-Meyerhof 
pathway is greater than 60%. Thus the ratio is affected very 
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little by alteration of the Emben-Meyerhof pathway under these 
conditions. This is even more pronounced with glucose-6-C“ 
and glucose-U-C™ on which Expression III is based. The fol- 
lowing two examples illustrate the insensitivity of triose ratios to 
variation in the Embden-Meyerhof pathway: 


Example 1: 10% pentose cycle and 90% Embden-Meyerhof 
pathway 

Example 2: 10% pentose cycle, 60% Embden-Meyerhof path- 
way, and 30% nontriose-P pathways 


In No. 1 the fraction of the triose phosphate formed by the pen- 
tose cycle is 10/(180 + 10) = 0.053 and in No. 2 it is 10/(120 + 
10) = 0.077. The C"*-triose phosphate ratios theoretically would 
be 1.053 and 1.077 (Expression III). Thus a change from 90% 
Embden-Meyerhof pathway to 60% Embden-Meyerhof pathway 
would cause only 2.3% change in the C-triose phosphate ratio. 
The same considerations apply to any method that uses the C™- 
triose phosphate ratio since there inherently is little change in 
the ratios under the conditions of a low pentose cycle and high 
Embden-Meyerhof pathway. Thus insignificant experimental 
errors will cause a large variation in the calculated values and the 
error will appear in the Emben-Meyerhof and nontriose-P path- 
ways because the per cent metabolized via the pentose cycle is 
determined by a separate procedure. 

A second source of error arises from the assumption that only 1 
glyceraldehyde phosphate is formed by the pentose cycle per 
mole of glucose 6-phosphate metabolized, cf. Reaction la. This 
assumption probably applies to the net yield of triose phosphate 
but according to the commonly accepted scheme of the pentose 
cycle 2 moles of glyceraldehyde phosphate are produced of which 
1 is utilized for synthesis of the hexosemonophosphate which is 
recycled. Presumably this glyceraldehyde phosphate would 
equilibrate with the triose phosphate from the Embden-Meyer- 
hof pathway and thus triose phosphate from positions 1, 2, and 3 
would be introduced into positions 4, 5, and 6 of the fructose 6- 
phosphate. The yield of C from glucose-6-C™ in the triose 
phosphate therefore would be greater for the pentose cycle than 
is assumed and also with glucose-1-C" it would be less than as- 
sumed in the Embden-Meyerhof pathway. The extent of the 
error would depend on the relative proportion of the Embden- 
Meyerhof pathway and pentose cycle. For example if all the 
triose phosphate were formed by the pentose cycle (no Embden- 
Meyerhof pathway) the triose phosphate pool would arise en- 
tirely from positions 4, 5, and 6 of the glucose 6-phosphate and 
one-half would be reutilized leaving 1 triose phosphate per mole 
of glucose 6-phosphate. This would fit the situation assumed in 
the calculation (Step 2). On the other hand, if most of the triose 
phosphate were formed by the Embden-Meyerhof pathway, the 
triose phosphate would arise almost equally from positions 1, 2, 
and 3 and 4, 5, and 6 and almost half the triose phosphate re- 
utilized in the pentose cycle would be from positions 1, 2, and 3. 
The yield of C™ triose phosphate from glucose-6-C™ by the pen- 
tose cycle in this case would be approximately 1.5 per mole of 
glucose 6-phosphate. Thus when the per cent of the pentose 
cycle is low compared to the Embden-Meyerhof pathway the 
error becomes larger. It is obvious from the above considera- 
tions that any calculations based on the fraction of triose phos- 
phate formed via the pentose cycle will be subject to error first 
because of the inherent insensitivity of the method when the 
per cent pentose cycle is low and second because the actual yield 
of C™ in the triose phosphate via the cycle is not known. It 
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thus is clear that even though recycling is taken into considera- 
tion, the calculation has many limitations. 

It is to be noted that the entrance of triose phosphate into 
hexose phosphate via the pentose cycle would not influence the 
relative distribution of C™ in positions 1, 2, and 3 of the glucose 
6-phosphate since only the over-all concentration of C™ in these 
positions is altered. Thus there would be no error from this 
source by method (a) for determination of the per cent of the 
glucose 6-phosphate metabolized by the pentose cycle. 

Previous Considerations of Recycling—The only previous con- 
sideration of recycling in relation to the determination of the 
relative roles of pathways of carbohydrate metabolism has been 
by Dawes and Holms (1). They investigated the metabolism of 
Sarcina lutea, with the use of glucose-1-C™, glucose-2-C™, glucose- 
6-C™, and glucose-U-C™ and isolated pyruvate from the fermen- 
tations. The effect of recycling was estimated for each labeled 
sugar and a theoretical curve of the molar specific activity of the 
pyruvate relative to the glucose was plotted as a function of the 
pentose cycle. (Their definition of the per cent pentose cycle 
differs from that used here, cf. footnote 4.) The effect of non- 
triose-P pathways was not considered, and this necessitated the 
assumption that all the metabolism of glucose occurred via the 
pentose cycle and Embden-Meyerhof pathway. This assump- 
tion may apply to Sarcina lutea but it is not generally valid. 
The ratio of C™ yields from pairs of labeled glucose was not used 
in their calculation. Dawes and Holms showed, with Sarcina lu- 
tea and glucose-U-C™ that there was very little endogenous dilu- 
tion and therefore it was not necessary to use ratios with 2 sugars. 
Their calculation, apparently, is equivalent to the estimation of 
the relative fraction of triose phosphate formed by the pentose 
cycle and Embden-Meyerhof pathways. If there are no non- 
triose-P pathways in Sarcina lutea then their calculations would 
apply to the total metabolism of glucose. If there are nontriose- 
P pathways only the value from glucose-6-C™ would be valid even 
for the fraction triose phosphate formed by the pentose cycle. 
This is true because C“ in C-6 is not affected by recycling in con- 
trast to that of C-1 and C-2. 

Estimation of Role of Pentose Cycle from Yields of C4O.—Wang 
et al: (32) and Reed and Wang (33) have used CO, yields from a 
battery of labeled glucoses including glucose-1-C"%, -2-C™, -3,4- 
C¥, -6-C, and -U-C" to study the role of different pathways in 
yeast. The effect of recycling and of incomplete COs: yields from 
carbons 1, 2, and 3 of the triose phosphate was not considered by 
them. It is probable that the patterns of glucose metabolism 
cannot be evaluated from COs per se even if yields from all 6 
carbons are available. 

Theoretically, to interpret CO, yields it is necessary to evalu- 
ate the dilution which occurred through recycling (Q) and also 
to determine the extent of oxidation of the carbons of triose phos- 
phate (N). The former parameter could be evaluated as de- 
scribed above by determining the per cent of the total glucose 6- 
phosphate metabolized by the pentose cycle. The determination 
of the second more important parameter is as yet impossible since 
no practical adequate method has so far been proposed. More- 
over, this parameter varies greatly with physiological and experi- 
mental conditions. By itself the determination of the CO, 
yields from glucose-1-C“ and glucose-6-C™“ provides no useful 
quantitative and only very limited qualitative information on the 
patterns of glucose metabolism. 

Conclusion—It is evident that the calculations of the pathways 
of glucose metabolism are fraught with many sources of error 
and such calculations should be interpreted with great caution. 
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Information on the validity of the assumptions used in making 
the calculations will be necessary in order to make the determina- 
tions more reliable. One test, although not decisive would be 
the consistency of the results with different procedures. Certain 
deviations from the assumed model will affect results based on 
the use of carbons 1, 2, and 3 and others based on carbons 4, 5, 
and 6. The more consistent the data are with differently labeled 
glucoses the greater would be the confidence that the model ap- 
proaches physiological reality. It seems probable, however, that 
kinetic studies of the rate of labeling of various intermediate com- 
pounds will be necessary for more exact determination of the 
quantitative aspects of the pathways. These studies should in- 
clude an evaluation of the kinetics of labeling of intermediates in 
the different components of the cell (microsomes, mitochondria, 
nuclei, and protoplasm). The effect of nonequilibration of pools 
could then be taken into consideration. Such a study would 
provide evidence proving or disproving many of the assumptions 
made in this presentation but obviously it would be a very diffi- 
cult undertaking. 


SUMMARY 


On the basis of a model system the theoretical ratios of the 
yields of C“ in triose phosphates and CO, from glucose-1-C" and 
glucose-6-C™ have been estimated as a function of the different 
pathways of metabolism of glucose. The pentose cycle causes 
loss of carbon 1 as CO, and therefore the hexose monophosphate 
generated via the cycle from glucose-1-C™ contains no C“, The 
cycle, thus, has a marked effect on the concentration of C™ in the 
hexose monophosphate pool formed from glucose-1-C™ but not 
from glucose-6-C%, The proportion of the hexose monophos- 
phate pool which is cycled is dependent not alone on the amount 
of glucose 6-phosphate utilized in the pentose cycle and in the 
breakdown via the Embden-Meyerhof pathway but also on the 
amount of glucose 6-phosphate which is utilized in other ways 
(glycogen synthesis and so forth). Therefore the ratio of the 
yields of C™ in the triose phosphate formed from glucose-1-C™ 
and glucose-6-C™ via the hexose monophosphate pools is influ- 
enced by three variables (metabolism by the Embden-Meyerhof 
pathway, the pentose cycle, and utilization of the glucose 6- 
phosphate in other pathways). For this reason C'*-triose phos- 
phate ratios are not a linear function of the relative proportions 
of the catabolism by the Embden-Meyerhof pathway and pentose 
cycle as is assumed in most calculations. The situation is even 
more complex for the ratios of yields of C“O2 from glucose-1-C™ 
and glucose-6-C™“. In addition to the above three variables there 
is a fourth, the per cent of carbon 3 of the triose phosphate which 
is oxidized to CO.. The CO, ratios from glucose-1-C™ and 
glucose-6-C™, therefore, have no simple relationship to the rela- 
tive proportions of catabolism by the pentose cycle and by the 
Embden-Meyerhof pathway. 

The pentose cycle causes randomization of C™ of glucose-2-C¥ 
or glucose-3-C™ in the hexose monophosphate and the degree of 
this randomization can be used for estimation of the per cent pen- 
tose cycle in terms of the total metabolism of glucose. Knowing 
the per cent pentose cycle and the ratio of the yields of C™ in the 
triose phosphates from two types of labeled glucose, it is possible 
to calculate the relative amounts of breakdown of glucose by the 
Embden-Meyerhof pathway, the pentose cycle, and the sum of 
the remaining pathways by which glucose is metabolized. The 
assumptions involved in this estimation are considered as well as 
the sources of error. 
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Phosphoglucoisomerase (isomerase) is present in most tissues 
at very high levels of activity. Because of its strategic position 
in relation to alternate metabolic pathways, its kinetics are of 
interest. The kinetics are also of practical concern in connec- 
tion with the use of glucose 6-phosphate to measure enzyme sys- 
tems which produce glucose 6-phosphate, since isomerase, an 
ubiquitous contaminant, could distort the results if it diverted 
some of the product to fructose 6-phosphate. 

Studies are described with partially purified isomerase from 
rabbit brain and muscle, and from human erythrocytes. Assay 
conditions were designed to prevent accumulation of the products 
and thereby minimize product inhibition and back reactions. 
The substrates consisted of enzymatically analyzed glucose-6-P 
and enzymatically prepared and analyzed fructose-6-P. Con- 
taminants of chemically prepared fructose-6-P appear to have 
confused earlier studies and led to faulty values for the equi- 
librium ratio between the isomeric hexose phosphates. 

The Michaelis constants have been found to be very small in 
both directions, but the constant for fructose-6-P is much the 
smaller. This results from the fact that the reaction velocity 
with substrate excess is approximately the same in both direc- 
tions, even though equilibrium substantially favors glucose-6-P 
formation. 


MATERIALS 


Unless otherwise noted homogenates were prepared in a War- 
ing Blendor, and all enzyme fractionations were carried out at 
0 to 4°. Salt fractionations were made at a neutral pH by the 
addition of 1 mole of ammonium hydroxide per 50 moles of 
ammonium sulfate. Precipitates were removed by centrifuging 
at 13,000 to 16,000 x g for 10 to 15 minutes. 

Muscle Isomerase—Rabbit muscle was homogenized with 5 
volumes of water with the addition of sufficient 1 n NH,OH to 
maintain the pH near 7. Material which sedimented at 8,000 x 
g in 10 minutes was discarded. The fraction soluble in 2 m 
ammonium sulfate and insoluble in 3 m was refractionated three 
times with ammonium sulfate between 1.2 and 2.3 m, 2.0 and 
2.4 M, and 1.5 and 2.4 o at respective volumes of 0.34, 0.40, and 
0.14 ml per g of original muscle. The yield was 28% of the 
original activity with 14-fold purification. Activity was 2190 
moles per kg of protein per hour at 38° (measured in the direction 
glucose-6-P to fructose-6-P). This is comparable to the activity 
of a preparation described by Slein (1). The enzyme is stable 
for at least several weeks if kept frozen at pH 7 to 8. 


* Supported in part by grants from the American Cancer So- 
ciety, and the United States Public Health Service (B434 and 
B1352). 

t Present address, Department of Pathology, Tampa General 
Hospital, Tampa, Florida. 

¢t Present address, Department of Pharmacology, Tufts Uni- 
versity College of Medicine, Boston, Massachusetts. 


Brain Isomerase—Rabbit brain was homogenized with 9 vol- 
umes of 0.25 m phosphate buffer (pH 7.4). Insoluble fractions 
were removed by centrifuging and discarded both before and 
after addition of ammonium sulfate to a concentration of 1.5 m. 
The activity was precipitated at 2.6 M ammonium sulfate and 
then refractionated between 1.8 and 2.6 M ammonium sulfate at 
a volume of 2 ml per g of original brain. The purification was 
11-fold with a yield of 18%. The final activity was about 2000 
moles per kg of protein per hour at 38° (measured in the direc- 
tion glucose-6-P to fructose-6-P). 

Erythrocyte isomerase was prepared from human red _ blood 
cells washed twice with an equal volume of 1% NaCl. To 6ml 
of erythrocytes were added (at 0°) 6 ml of H.O and 12 ml of a 
1:1 mixture of chloroform and methanol. After stirring 10 
minutes, an additional 5 ml of water were added and the sample 
was centrifuged and the precipitate discarded (2). After dialyz- 
ing 2 hours against H.O and recentrifuging, the supernatant 
fluid (12 ml) was treated with 15 ml of saturated ammonium 
sulfate. The small amount of precipitate was dissolved in 0.2 
ml of H.O and used without further purification. The activity 
was low, of the order of 10 moles per kg protein per hour. 

Glucose-6-Phosphate Dehydrogenase—This was prepared from 
hog adrenal glands, which are a rich source. The assays were 
carried out at 25° to 28° in a volume of 1 ml with 1 mm glucose- 
6-P and 0.25 mm TPN* in 0.02 m Tris buffer (pH 8). The rate 
of TPNH formation (time to 0.005 or 0.01 mM) was followed 
directly in a fluorometer. The glands were carefully trimmed of 
fat, and homogenized with 9 volumes of water. The material 
which sedimented directly as well as that which precipitated at 
1.3 M ammonium sulfate was discarded. (Throughout, the am- 
monium sulfate was not neutralized.) The enzyme was pre- 
cipitated at 2.0 mM ammonium sulfate with recovery of 48% of 
the original activity. The precipitate was dissolved, brought to 
a volume of 0.5 ml per g original gland, and again fractionated 
between 1.3 and 2.0 M ammonium sulfate with recovery of 36% 
of the original activity. The preparation might have been satis- 
factory at this point, but in order to remove hexokinase (for 
another purpose) it was treated for 5 or 10 minutes at pH 4.3 
(acetic acid) and refractionated with ammonium sulfate. The 
preparation used in this study had an activity of 30 moles per kg 
of protein per hour at 28° and pH 8. This is equivalent to about 
100 moles per kg per hour at 38° and the pH optimum (9.5). 
The purification was 10-fold with a yield of 5%. Isomerase 
activity in the direction fructose-6-P to glucose-6-P was 0.3% 
of dehydrogenase activity. 

Brain Hexokinase—This enzyme was prepared relatively free 
of isomerase as a tool for making fructose-6-P directly from 
fructose and ATP. The preparation was an abbreviation of 
that of Crane and Sols (3). Rabbit brain was homogenized in 9 
volumes of 0.025 m phosphate buffer (pH 7.4) and the insoluble 
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portion centrifuged down and washed eight times in the centri- 
fuge with the same buffer at the same dilution. This washing 
only reduced the isomerase to hexokinase ratio from 7:1 to 3:1. 
The precipitate, suspended in a volume of 3 ml per g of original 
brain, was stirred at 0° for 15 minutes with sodium deoxycholate 
at a concentration of 0.33%. The insoluble material was centri- 
fuged and washed six times with the above phosphate buffer with 
3 to 12 ml per g of original brain. The ratio of isomerase to 
hexokinase activity was reduced to 0.02:1 with 60% recovery of 
hexokinase. 

Phosphofructokinase—A rabbit was decapitated and at once 
chilled in ice water. The muscle was rapidly dissected and 
homogenized with 5 volumes of 0.05 m potassium phosphate 
buffer (pH 7.4). After centrifugation the supernatant fluid was 
quickly brought to an ammonium sulfate concentration of 2 m. 
The precipitate was dissolved in 0.025 m phosphate buffer (pH 
7.4) (as were all subsequent precipitates) and reprecipitated in 
2 M ammonium sulfate at a volume of 1.5 ml per g of original 
muscle. In subsequent steps the fraction was saved which pre- 
cipitated between 1 and 2 M ammonium sulfate (two precipita- 
tions at 1.8 ml per g of muscle), and between 1.4 and 1.7 m am- 
monium sulfate (three precipitations, the first at 1.1 ml per g of 
muscle, the other two at 0.4 ml per g of muscle). After dialyz- 
ing for 3 hours against 0.025 m phosphate buffer (pH 7.4, 10 ml 
per g of muscle) insoluble material was removed by centrifuging 
and the fraction saved which was soluble in 1.6 mM ammonium 
sulfate but insoluble in 1.8 M ammonium sulfate (0.5 ml per g of 
muscle). The activity was 1700 moles per kg of protein per 
hour at 30°. This is about a fourth the activity of a preparation 
described by Ling et al. (4). The purification was 60-fold with 
a 15% yield. Isomerase activity had been reduced to 0.2% of 
the phosphofructokinase activity. 

Phosphopyruvate Kinase and Lactic Dehydrogenase—These were 
obtained together as ‘crystalline lactic dehydrogenase” from 
Sigma Chemical Company. This mixture constitutes a very 
convenient source of these two enzymes for the assay of ADP.! 
However, preparations were found to differ both in regard to 
amount of kinase and degree of contamination with certain in- 
terfering enzymes. Phosphoglucoisomerase was fortunately 
nearly absent, but glycerol-P dehydrogenase was present to a 
disturbing degree in one lot, whereas another lot was quite satis- 
factory (see below). 

The glucose-6-P used, was the sodium salt as obtained from 
Sigma Chemical Company. A 3.28% solution (calculated 92 
mM for disodium glucose-6-P -3H,O) assayed 94.5 mm with isom- 
erase-free glucose-6-P dehydrogenase and TPN*+. It was also 
found to be 92 mm in total aldose by an iodometric method. 
This iodometric procedure, derived from the original method of 
Cajori (5), may be worth recording: 

A 0.4 ml sample containing 0.5 to 1.0 umole of sugar was in- 
cubated at room temperature (25°) in a capped 3-ml tube for 2 
hours with 60 ul of 0.1 N iodine in 0.12 m KI and 100 ul of 0.25 
M NaHCO;-0.25 m Na2CO;. The sample was acidified with 30 
ul of 3 N HCl and titrated in ice water with 15 mm thiosulfate 
from a microburette with 1 drop of 1% starch at the end point. 

The choice of pH (10.2) for oxidation was dictated by the 
fact that at more acid pH values the reaction is too slow, whereas 
at higher pH values iodine is rapidly converted to iodate. Be- 
cause some iodate formation is unavoidable the conditions are 
chosen so as to consume not more than a third of the titratable 


1 Jack L. Strominger, personal communication. 
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iodine. The rates of oxidation of glucose and of glucose-6-P 
were about the same. Fructose under these conditions used 
only 1 or 2% as much iodine as did glucose. 

Fructose-6-P—Commercial preparations of this material from 
several sources were far from pure. A typical sample was ana- 
lyzed with resorcinol before and after treatment with glucose-6-P 
dehydrogenase, isomerase, and TPN+. About 15% of the chro- 
mogenic material did not disappear (corrected for a blank with 
glucose-6-P identically treated). There was also present aldose 
(iodometric titration) equivalent to 16% of the total hexose. 

In contrast, a sample of fructose-6-P kindly supplied by Dr. 
Robert K. Crane which he had prepared from fructose with 
isomerase-low brain hexokinase (6) was found to be free of chro- 
mogenic material other than fructose-6-P and to contain only 8% 
of total hexose as glucose-6-P. 

Therefore a larger sample was prepared by incubating 3.3 
mmoles of fructose, with 2 mmoles of ATP in 100 ml of 0.04 m 
Tris buffer (pH 8.6) containing 1 mmole of MgCl, 0.1 mmole of 
ethylenediaminetetraacetate, 1 mmole of phosphate, and suffi- 
cient brain hexokinase (see above) to give an activity of about 10 
mmoles per liter per hour. After 165 minutes at 38° the reac- 
tion was stopped and there were found to be present 0.61 mmole 
of fructose-6-P and 0.09 mmole of glucose-6-P. (The assays 
were made with glucose-6-P dehydrogenase in the presence and 
in the absence of isomerase.) The nucleotides were removed 
with charcoal (7) and the phosphate esters were isolated together 
as the barium salt (6). For the experiment of Fig. 3, a similar 
preparation was chromatographed on Dowex 1 according to 
Khym and Cohn (8) and the glucose-6-P was reduced to less 
than 2%. 

6-P-gluconate—This was a gift of synthetic material from Dr. 
Robert K. Crane. 


ASSAY SYSTEMS 


Glucose-6-P Formation—Isomerase was allowed to act at pH 8 
on fructose-6-P in a 1 ml volume in a 10 X 75-mm selected Pyrex 
tube in a sensitive fluorometer (Farrand Optical Company). 
Also present were TPN*+ (0.25 mm) and sufficient glucose-6-P 
dehydrogenase to oxidize at least 95% of low levels of glucose-6-P 
in 2 minutes. The fluorescence of the TPNH produced was fol- 
lowed in the instrument with the use of suitable filters (9). 

Since the Michaelis constant, K,, of adrenal glucose-6-P dehy- 
drogenase at pH 8 is about 0.03 mm, the amount of enzyme 
needed to meet the above requirement is such as to give a ve- 
locity with excess substrate (V max) of at least 3 mmoles per liter 
per hour. This results from the fact that Vinax = (K./t (in 
hours)) In ((So)/(S)), when (So) « K,. ((So) and (S) indicate 
substrate concentrations at time zero and time t, respectively.) 
Therefore, to give 95% conversion in 2 minutes, Vax = (0.03/ 
0.033) In 20 = 2.7. Under these conditions after a brief lag 
period the steady state glucose-6-P level will be about 1% (ex- 
pressed as millimoles per liter) of the isomerase velocity (ex- 
pressed as millimoles per liter per hour). This is so, since, when 
(S) « K, (as in the present case), v = Vmax(S)/K,, or (S) = 
v X K./Vmax = v X 0.03/3. And when the steady state is at- 
tained, the isomerase velocity is equal to the glucose-6-P dehy- 
drogenase velocity. As an example, if 0.02 mm fructose-6-P 
were to be converted to glucose-6-P at a rate of 0.04 mmole per 
liter per hour under the above conditions, the steady state con- 
centration of glucose-6-P would be 0.000, 4 mm or 2% of the ini- 
tial fructose-6-P concentration. Since the Michaelis constant 
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for glucose-6-P with isomerase is approximately 0.03 mmole per 
liter (see below), product inhibition will be negligible. Also 
since the maximum velocity is about equal in both directions, 
the back reaction will be negligible at this low glucose-6-P con- 
centration. 

Measurements were made by adding the fructose-6-P, allow- 
ing 3 minutes for any glucose-6-P initially present to be oxidized 
and 5 or 10 minutes for opportunity to evaluate the trace of 
isomerase activity in the glucose-6-P dehydrogenase. At this 
time isomerase was added and the velocity was determined 
graphically for a 4- or 5-minute interval starting 2 minutes later. 
Due correction was made for fructose-6-P lost while the steady 
state was being reached. Although inspection of the curve was 
used to confirm the attainment of a steady state, it may be cal- 
culated that 2 minutes is sufficient. The calculation is as fol- 
lows: Let vi be the isomerase velocity, (G) the glucose-6-P con- 
centration, v¢ the dehydrogenase velocity, and C2 = V4max/Ke 
(where K; is the Michaelis constant of glucose-6-P for the dehy- 
drogenase). Steady state is attained when glucose-6-P is de- 
stroyed as fast as it is formed, i.e. when d(G)/dt = 0. Theerror 
in rate is therefore d(G)/dt = v'—C,(G), (since (G) « Kz). 
Integrating, (G) = v'C.(1 — e-%*), from which d(G)/dt = 
vie~Cat, 

The fractional error in rate is vie-+#/yi = e-t, In the pres- 
ent case where C2 = 3/0.03 = 100 hour-, or 1.6 min, the error 
would be 19, 4, and 0.7% at 1, 2, and 3 minutes. (It may be 
useful to calculate that since the half-time equals 0.69/C2, it 
follows as a rule of general application that the error in rate will 
be less than 4% after 5 half-times for the second reaction.) 

Fructose-6-P Formation—Isomerase was allowed to act on glu- 
cose-6-P in a volume of about 0.5 ml in a Beckman spectro- 
photometer. The fructose-6-P was trapped with phosphofructo- 
kinase and ATP (0.3 mm). The ADP resulting was measured 
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Fig. 1. Effect of substrate concentration and 6-P-gluconate 
on rate of conversion of fructose-6-P (F6P) to glucose-6-P by 
muscle isomerase. The control contained some 6-P-gluconate 
because of the method of assay (glucose-6-P dehydrogenase) (see 
text.) Measurements were made in 0.02 m Tris buffer (pH 8) 
with 0.25 mm TPN* and 1 mm ethylenediaminetetraacetic acid. 
It may seem surprising that the corrected curve is approximately 
parallel to the observed uncorrected curve. This results from the 
fact that the amount of 6-P-gluconate in the control curve is not 
constant, but varies approximately as the substrate varies, 7.e. 
(I)/(S) is a constant. Since 1/v = 1/Vimax(1 + K./(S) + (I)/ 
(S)-K./K,), all values of 1/v will be displaced by the constant 
amount (J)K./Vmax(S)Ki. 
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with the system ADP + P-enolpyruvate (1 mm) — ATP + 
pyruvate, pyruvate + DPNH (0.13 mm) — lactate + DPN+ 
(10). The fall in absorption at X = 340 my was used to follow 
the reaction. Phosphofructokinase was employed at a level to 
give a Vinax of 8 mmoles per liter per hour. The “lactic dehy- 
drogenase” (see above) was used at a dilution of 50 ug of pro- 
tein per ml. This was sufficent to measure at least 90 % of 0.01 
mM ADP in 1 minute. The complete reagent contained 3 mm 
K:HPO, and 5 mm Mg?** in 0.02 m Tris. 

Measurements were made by comparing rates graphically be- 
tween two samples one of which had no added isomerase but was 
otherwise complete. After a preliminary period of 7 to 9 min- 
utes, substrate was added to both samples, and the velocity 
assessed over an interval of 5 or 6 minutes after a 2 or 3 minute 
allowance for attainment of steady state. The enzymes used 
were not entirely free from aldolase, glycerol-P dehydrogenase, 
or triose-P isomerase, consequently formation of 1 mole of fruc- 
tose-di-P might conceivably yield 3 moles of DPN+. One sam- 
ple of lactic dehydrogenase was unsuitable on this account. By 
selection of the best preparations, this difficulty was reduced to 
the point at which DPNH disappearance over the time interval 
concerned did not exceed fructose-di-P formation by more than 
10%. 


RESULTS 


Inhibition by 6-Phosphogluconate—Parr (11) reported that 6-P- 
gluconate is a potent inhibitor of isomerase. 6-P-Gluconate 
is formed during the isomerase assay when fructose-6-P is sub- 
strate. This arises both from glucose-6-P contamination of the 
substrate, as well as from glucose-6-P formed during the assay. 
Consequently, the inhibition had to be evaluated. The activity 
of muscle isomerase was measured with and without the addition 
of 0.0093 mm 6-P-gluconate at 6 levels of substrate (fructose-6-P). 
The inhibition seems to be competitive (Fig. 1) (see also below). 
The effect of the 6-P-gluconate unavoidably present was evalu- 
ated graphically from the equation 1/v = 1/Vinax (1 + K./(S) + 
K,(I)/(S)K;), where (J) and K; represent, respectively, the con- 
centration and dissociation constant for the inhibitor. That is, 
when the concentration of substrate (S) is held constant 1/v is a 
linear function of J. Consequently the effect on 1/v of the added 
6-P-gluconate is proportional to the effect on 1/v of the 6-P-glu- 
conate unavoidably present and therefore the values of 1/v in 
the absence of 6-P-gluconate may be calculated.2? This was done 
for the experiment of Fig. 1. The corrected control line gives a 
K, of 1.6 X 10-5 m from which K; may be calculated by the 
above formula to have the surprisingly low value of 7 X 10-®. 
This experiment is given as an illustration. In two later but less 
detailed experiments concurring values of K, for fructose 6-phos- 
phate of 1.0 x 10-', and of K; for 6-P-gluconate of 5 x 10-®™ 
were obtained, and these lower values are believed to be more 
nearly correct. The competitive nature and magnitude of the 
inhibition were confirmed by holding (S) constant at 1 X 10-5m 
and varying (J) from 0.4 to 5 X 10-*m. The values obtained 


2 For example, suppose at a given substrate level there is 3 X 
10-* mole of the inhibitor, 6-P-gluconate, unavoidably present 
and that 1/v is 50 without added inhibitor and 90 with 9 X 10-° 
mole of added inhibitor. The corrected value for 1/v would be 
50 — 3/9(90 — 50) = 37. The 6-P-gluconate concentration at any 
instant is equal to the TPNH concentration. The amount pres- 
ent midway in the assay was used in the calculation. 
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were in good agreement with the equation above. 
K,; was obtained with muscle and brain isomerase. 

Inhibition by Other Phosphoryiated Compounds—Isomerase 
activity was also measured in this same direction (fructose-6-P 
to glucose-6-P) in the presence of the ingredients which were to 
be needed for measuring isomerase in the opposite direction. 
These ingredients included ATP and P-enolpyruvate as well as 
P; which probably could have been omitted. All three sub- 
stances proved to be competitive inhibitors with inhibitor con- 
stants of 0.4 X 10-*m for ATP, 1.1 x10-*m for P-enolpyruvate, 
and 1.7 X 10-%m for P;. 

The apparent K, with brain isomerase in the presence of ATP 
(0.3 mm), P-enolpyruvate (1.08 mm), and P; (3 mm), as well as 
MgCl, (5 mm) was found to be 3.02 x 10-'m (corrected for 6-P- 
gluconate inhibition). In a simultaneous experiment without 
these added materials, the K; was observed to be 1.02 x 10-5. 
It is easily shown that if (A), (B), and (C) refer to competitive 
inhibitor concentrations, and K,, K,, and K, indicate the re- 
spective inhibitor constants, that (Vmax — v/v) S = K.F = 
K’, where F = 1 + (A)/K. + (B)/K, + (C)/K.. In this case 
F, calculated from the constants of the preceding paragraph, 
should equal 4.5 instead of 3.0 as observed. The difference is 
due to the Mg present.* 

Comparison of Velocities and Michaelis Constants in Both Di- 
rections—To make comparisons as directly as possible, measure- 
ments were made with brain and muscle isomerase in both direc- 
tions on the same day under conditions as nearly alike as 
practicable. The results (Fig. 2, Table I) are consistent with nu- 
merous other less elaborate experiments. A similar experiment is 
recorded for erythrocyte isomerase. The erythrocyte results 
are believed to be valid in the direction fructose-6-P to glucose- 
6-P but in the opposite direction a large blank value with the rela- 
tively crude enzyme reduced the accuracy, and the values must 
be considered only approximate. The summary of the results 
(Table I) indicates that the maximum velocities are as great in 
the “unfavorable” direction of fructose-6-P formation as in the 
favorable direction. Therefore, since equilibrium favors glucose- 
6-P, the Michaelis constants must be much smaller for fructose- 
6-P than for glucose-6-P, and this was found to be true (Table I). 
The apparent Michaelis constants are about 3 times the true 
values because of the presence of other phosphate compounds as 
described above. The best estimates of K; and K, at pres- 
ent appear to be 1.0 and 3.0 X 10-®M, respectively (see below.) 

Equilibrium between Fructose-6-P and Glucose-6-P—The equi- 
librium constant may be calculated from the Michaelis constants 
and maximum velocities in both directions (12). The calculated 
ratios approach 3:1, whereas ratios previously reported range 
from 1.5 (13-15) to 2.3 (16, 17). The values for the ratios have 
ordinarily been based on the decrease in color with resorcinol 
when fructose-6-P was treated with isomerase. Commerical 
fructose-6-P, at least in the past, has contained chromogenic 
material which was not fructose-6-P, as well as some preformed 
glucose-6-P (see above). Both of these impurities would reduce 
the change in chromogenic material upon addition of isomerase 
and give an erroneously low ratio. Low ratios were apparently 


The same 


In another experiment, carried out at 23° in the absence of 
Mg, F calculated from separately determined inhibitor constants 
was 4.44. The observed value was 4.02. Addition of 5 mm de- 
creased F to 2.39. When added to the inhibitors separately, Mg 
had almost no effect on the inhibitor constant for P;, doubled the 
apparent inhibitor constant for P-enolpyruvate, and abolished 
the inhibition due to ATP. 
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Fie. 2. Effect of substrate concentration on isomerase of rab- 
bit brain, rabbit muscle, and human red blood cells. Measure- 
ments were made at 30° in the direction of glucose-6-P formation 
in the presence of 0.3 mm ATP, 1 mm P-enolpyruvate, and 3 mm 
P; at pH 8 in 0.02 m Tris (see text.) 


TaBLe | 
Isomerase kinetics 
The assay conditions are described in the legend for Fig. 2. 
Velocities are recorded as moles per liter of stock enzyme solution 
per hour. Michaelis constants are given as millimoles per liter. 
The Michaelis constants have not been corrected for inhibition by 
phosphate compounds present for analytical purposes. The true 
constants are believed to be one third of those recorded (see text.) 











F6P* — G6P* G6P — FoP Gor 
Source of isomerase F F6P 
oe K} vi, a K, (calculated) t 
Rabbit brain 19.2 0.034 20.5 0.111 3.1 
Rabbit muscle 97.5 0.031 | 132 0.104 2.5 
Human red blood | 0.035 | 0.030 0.037 | (0.17)t 
cells 




















* Fructose-6-P and glucose-6-P. 
t Vinax X K,/V%onx X Ky (12). 
t This value only an approximation. 


confirmed by starting with glucose-6-P and measuring the in- 
crease in chromogen produced with isomerase. Here the error 
in calculation was due to the belief that fructose-6-P gives only 
60% as much color with the resorcinol method of Roe (18) as does 
fructose (13-15). This value seems to be in error, and again 
appears to be largely the result of the poor quality of available 
fructose-6-P. (Slein (16) found 79% as much color with his 
fructose-6-P as with fructose, and observed a higher equilibrium 
ratio (2.3)). Dische (19) in contrast, with the use of the revised 
method of Roe et al. (20), found the same amount of color with 
fructose as with fructose-6-P (source not identified). In the pres- 
ent investigation it has been found with enzymatically prepared 
material (analyzed with glucose-6-P dehydrogenase and TPN*) 
that fructose-6-P actually gives 5% more color than fructose by 
the revised method of Roe, and the same amount of color as 
fructose by the original method of Roe. This last statement is 
true whether the time of heating is 8 minutes (at 80°) as origi- 
nally proposed or 15 minutes as some workers have recommended. 

When the ratio was redetermined with enzymatically prepared 
fructose-6-P, values of about 3 were obtained, based on the de- 
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crease in chromogenicity after isomerase. An equilibrium 
ratio of the same order was obtained by iodometric determination 
of glucose-6-P before and after isomerase treatment. However, 
the values which are believed to be the most accurate were ob- 
tained with the aid of glucose-6-P dehydrogenase. Equilibrium 
mixtures of the two phosphates were obtained with isomerase 
at 38° starting with either glucose-6-P or enzymatically pre- 
pared fructose-6-P (Table II). The isomerase was destroyed 
with acid, and TPN* and glucose-6-P dehydrogenase were then 
added. After measuring the glucose-6-P (change in optical 
density at 340 my) isomerase was again added and the fructose- 
6-P determined. Starting with fructose-6-P an average ratio 
of 2.84 was obtained, starting with glucose-6-P a ratio of 2.76 
was obtained (Experiment A, Table II). A somewhat higher 
ratio (3.06) was obtained in an experiment designed to increase 
the precision of fructose-6-P measurement (Experiment B, Table 
II). The equilibrium constant is temperature dependent with 
glucose-6-P favored more at lower temperature (Experiment B). 

No significant change in ratio was observed when the pH was 
varied from 6.6 to 8.4 (resorcinol method). 

Time Course of Isomerase—An experiment was conducted in 
which equilibrium was approached from both directions under 
identical conditions, as an over-all check on velocities in the two 
directions and the relative Michaelis constants (Fig. 3). Since 
the substrate levels were high (2.5 mm) the curves are insensitive 
to the absolute Michaelis constants. They are however sensi- 
tive to relative values of the constants and absolute velocities. 
The results are in reasonable accord with the initial velocity 
measurements observed above. The best fit between observed 
and calculated curves was obtained with a 3:1 ratio of K, to Ky 
and a 1:1.2 ratio of Vax to Vinax. The theoretical curves fit 


TABLE II 
Equilibrium between glucose-6-P and fructose-6-P 

Samples were incubated with enough rabbit muscle isomerase to 
give maximal velocities (at 38°) of 50, 100, and 32 mmoles per 
liter per hour respectively for Experiment A, glucose-6-P 
(G6P), Experiment A, fructose-6-P (F6P), and Experiment B. 
After two time intervals aliquots were acidified with HCl and 
were then analyzed enzymatically for G6P and F6P. See text. 
Values are recorded as millimoles per liter during incubation. 
Experiment B was conducted so as to further increase the pre- 
cision of measurement. (See legend of Fig. 3.) 









































rem-| Contr | Tepmerave | Teemerate | pa: 
4 GoP 
GoP | F6P | GoP| F6P | GoP| Fop | F6P 
Experiment A 
Glucose-6-P 38°|1.97/0.01/1.45)0.50 |1.4110.51 |2.76 
Fructose-6-P, prepara- | 38°|\0.20)1.85)1.49/0.53 |1.49|0.53 |2.81 
tion A 
Fructose-6-P, prepara- | 38°\0.12|/2.37|1.79|0.75 |1.86/0.65 |2.86 
tion B 
Experiment B 
Glucose-6-P 38°|2.50)0.0 1.88/0.617|1.89}0.610)3 .06 
Glucose-6-P 30°|2.50/0.0 1.92(0.580|1 .940.565)3.36 
Glucose-6-P 20°|2..50 0.0 |! -98/0.523)1 .98,0.518)3.85 





* Times were 10 and 20 minutes in Experiment A, 15 and 30 
minutes in Experiment B at 30° and 38° and 30 and 60 minutes 
in Experiment B at 20°. 

¢ Final ratio Experiment A, average ratio Experiment B. 
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Fig. 3. Approach to equilibrium from both directions. Sam- 
ples (0.2 ml) containing glucose-6-P or fructose-6-P at a concentra- 
tion of 2.5 mm were incubated for 15 or 30 minutes at 30° (pH 8, 
0.05 m Tris buffer, 0.05% bovine plasma albumin). 

The reaction was stopped with HCl. The glucose-6-P was 
measured by the change in absorption at 340 my with added glu- 
cose-6-P dehydrogenase and TPN*, after which isomerase was 
added to measure the fructose-6-P as well. To increase precision 
samples were diluted only enough to reduce total hexose concen- 
tration to about 0.25 mm. Optical densities over 1 were read 
against a solution of potassium dichromate of optical density 
about 1 (at 340 mu). The isomerase was added in varying quan- 
tities and the amount is recorded as the total initial activity 
(initial velocity multiplied by hours of incubation) in the direction 
fructose to glucose. All samples were incubated simultaneously. 
The curves are theoretical for Ky = 0.01 mm, K, = 0.03 mm and 


an equilibrium ratio of 3.6 (glucose-6-P to fructose-6-P). They 
were calculated from the formula: 
Vv" eo (K, _ K,) 
max (R + 1)Kp 
P)(1 + R) 
K,KA(R + 1) + (S)(Ks + K,R) In ( in Pee) 





(R + 1)?K, 


where (S) and (P) indicate substrate and product, and R the ratio 
of (S) to (P) (cf. Alberty (21)). After substituting for the con- 
stants this becomes Vinaxt = —0.435(F) — (0.0065 + 0.312(G)) In 
(1 — 4.6(F)/(Go)) (for the direction of fructose-6-P formation). 
(F) is the concentration of fructose-6-P at time ¢, and (Go) is the 
initial concentration of glucose-6-P. 


the data almost to within experimental limits although there is 
a suggestion of a real discrepancy in the case of fructose-6-P. 


DISCUSSION 


The Michaelis constants for isomerase are surprisingly low, 
much lower than estimates to be found in the literature. For 
example, Tsuboi et al. (2) reported a value of about 1.7 x 10-*m 
for both glucose-6-P and fructose-6-P with red blood cell isomer- 
ase. These values appear to be at least 50- and 150-fold too high, 
respectively. This serves to illustrate the difficulty with meas- 
urements in a system which diverges greatly from linearity with 
increasing product formation. Tsuboi et al. apparently based 
rate determination on product formation after a fixed time in- 
terval with constant amount of enzyme. This would give an 
erroneously high result unless the enzyme activity were reduced 
so low as to be practically immeasurable by the method used. 
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An experimenter may be easily misled by the fact that product 
formation, as described by the equation of the legend of Fig. 3, 
gives an almost linear plot of 1/v against 1/(S)o when enzyme 
activity is held constant, regardless of the degree of enzyme satura- 
tion. Consequently, completely fallacious results may be ob- 
tained with nearly perfect-appearing Lineweaver-Burk plots. 
In the case of isomerase a calculated K, would be too large by 
about 3.2 times whatever enzyme activity happened to be used 
(Visaxt). Thus, with enough enzyme and time to convert 0.5 
mo glucose-6-P to fructose-6-P with substrate excess, the appar- 
ent K, would be 1.6 X 10-*minstead of 3 x 10-°. To reduce 
the error in K, to 10% under these conditions, it would be neces- 
sary to reduce maximum enzyme activity to 10-* mole per liter, 
and to measure fructose-6-P formation in the concentration 
range of 10-* to 10-’m (which is scarcely feasible with the re- 
sorcinol method). 

Bodansky (13) in a study of isomerase of human serum pub- 
lished curves for the approach to equilibrium from both direc- 
tions. The curves would closely resemble those of Fig. 3 both 
in shape and relative velocity if the equilibrium point were merely 
shifted from 1.5 to 3.6. Similarly the formula of the legend to 
Fig. 3 gives a very close fit to the curve obtained by Bodansky for 
fructose-6-P formation with varied enzyme concentrations (22). 

The equilibrium ratios between glucose-6-P and fructose-6-P 
are believed to be accurate to within 10%. The figure in Table 
II, Experiment B, gives a value for AF at 38° of —690 calories. 
The changes in equilibrium constant between 38° and 30°, and 
between 30° and 20° give values for AH of —2,200 and —2,400 
calories, respectively. From these figures AS is calculated to be 
—5.2 calories per degree, at 38°. 

The Michaelis constants although believed to be of the right 
order of magnitude are not as accurate as the equilibrium con- 
stants. Perhaps the most reliable value for the ratio of K, to 
K, is obtained from the best fit for the data of Fig. 3, i.e. 3.0, 
which agrees reasonably ‘well with the ratios of the Michaelis 
constants of Table I (3.3 and 3.4). The best estimate of K, is 
1.0 X 10-5m, which would make K, equal to 3.0 X 10-'m. With 
these values and an equilibrium ratio of 3.4 it is possible to cal- 
culate the relative values of the rate constants assuming the re- 
action has the simple form 





ky ks 
E+ ¢ =x 2. 2+ £. 
ke ky 


The calculation yields the relative values of 71 mm=?, 1.13, 1, and 
213 mm~ for k,, ke, ks, and k,, respectively. 

It is of conceivable biological significance that isomerase is 
inhibited by ATP, Pi, and especially by 6-P-gluconate. If, for 
example the glucose-6-P tissue level were 0.3 mM, 7.e. 10 times 
the K,, then ATP at a concentration of 10 mm (25 times K,) 
would reduce isomerase activity by about 70%; P; at 10 mm (6 
times K ;) would reduce isomerase activity by 35%; 6-P-gluconate 
at 0.2 mm (40 times K,;) would reduce isomerase by nearly 80%. 
All three compounds together at the postulated levels could pro- 
duce an 87% reduction in enzyme activity. However, because 
of the very high absolute activity of isomerase in tissues, it is 
difficult to be persuaded that inhibitions of this degree would 
have much significance except perhaps under special situations 
of intracellular compartmentation, and so forth. Possibly under 
some special circumstances a drop in ATP could accelerate fruc- 
tose-6-P formation, or a rise in 6-P-gluconate could block isomer- 


Kahana, Lowry, Schulz, Passonneau, and Crawford 
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ase enough to raise glucose-6-P levels and force more hexose into . 
the oxidative shunt. 


SUMMARY 


1. A kinetic study was made of phosphoglucoisomerase from 
rabbit brain and skeletal muscle, and from human red blood cells. 
The reaction in the direction of glucose 6-phosphate formation 
was followed in the fluorometer by the formation of reduced tri- 
phosphopyridine nucleotide from triphosphopyridine nucleotide 
with a large excess of glucose 6-phosphate dehydrogenase. The 
reaction in the direction of fructose 6-phosphate formation was 
followed in the spectrophotometer by the disappearance of re- 
duced diphosphopyridine nucleotide resulting from the following 
enzymatic reactions: fructose 6-phosphate + adenosine tri- 
phosphate — fructose diphosphate + adenosine diphosphate; 
adenosine diphosphate + phosphoenolpyruvate — adenosine 
triphosphate + pyruvate; pyruvate + reduced diphosphopyri- 
dine nucleotide — lactate + diphosphopyridine nucleotide. The 
auxiliary enzymes were added in large excess. 

2. The best estimates of the Michaelis constants are believed 
to be Ky = 3 X 10-5, and K; = 1 X 10-', at 30°. The 
maximum velocities are approximately the same in both direc- 
tions. 

3. The equilibrium concentrations of glucose 6-phosphate and 
fructose 6-phosphate were measured by enzymatic assay and the 
ratio was found to be considerably higher than previously re- 
ported. The difference is attributed to earlier impure (synthetic) 
fructose 6-phosphate. At 38°, 30°, and 20° ratios of glucose 6- 
phosphate to fructose 6-phosphate were found to be 3.06, 3.36, 
and 3.85, respectively. From these values it may be calculated 
‘that AF is —690 calories at 38°, that AH is —2300 calories, and 
AS is —5.2 calories per degree. The observed Michaelis con- 
stants and velocities in the two directions at 30° are in substantial 
agreement with the ratio observed at 30°. 

4. The approach to equilibrium from both directions follows 
a course in good agreement with the theoretical curve calculated 
from the observed parameters. 

5. Adenosine triphosphate, phosphoenolpyruvate, inorganic 
phosphate, and 6-phosphogluconate were all found to be competi- 
tive inhibitors of isomerase with respective inhibitor constants at 
30° of 0.4, 1.1, 1.7, and 0.005 x 10-* m. 
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Evidence for the Formation of Phosphopyruvate in Liver 
by a Mechanism not Involving Equilibration 
with Fumarate* 


Henry D. HoserMAn AND AmeEpDEO F. D’Apamo, Jr. 


From the Department of Biochemistry, Albert Einstein College of Medicine, Yeshiva University, New York 61, New York 


In previous studies we reported that, whereas position 6 of the 
glucosyl residues of liver glycogen was labeled with deuterium 
after administration of lactate-2-D to fasting rats, no excess of 
deuterium was detected in position 1 (1). To explain this obser- 
vation it was proposed that oxidation of the labeled lactate was 
coupled to reductive synthesis of malate via the malic enzyme 
reaction. Fumarase-catalyzed equilibration of malate and fuma- 
rate would then be expected to yield malate-2,3-D which would 
be oxidized to oxaloacetate-3-D. The action of the phospho- 
pyruvate carboxykinase system (2, 3) on the latter compound 
would yield phosphopyruvate-3-D in which stereospecific con- 
figuration of the methylene hydrogen atoms of malate would be 
retained. Absence of deuterium from position 1 of the hexose 
units of glycogen was therefore attributed to the stereospecific 
action of hexose-P isomerase (4) on fructose-6-P, 1,6-D ulti- 
mately formed from phosphopyruvate-3-D. The above hypothe- 
sis is supported by the fact that the action of fumarase is stereo- 
specific (5), by the results of experiments employing malate-3-C™ 
indicating that isotopic equilibration of malate and fumarate is 
complete before utilization of malate in carbohydrate synthesis 
(6), and by the observation that fumarate-2,2’-D, like lactate- 
2-D, gave rise to liver glycogen containing deuterium in position 
6 but not in position 1 (7). However, consideration must also 
be given to the likely action of pyruvate kinase and ADP on 
phosphopyruvate-3-D formed by the reaction pathway described 
above for this reaction would yield pyruvate-3-D in which the 
deuterium and hydrogen atoms of the methyl group would occupy 
sterically equivalent positions. Utilization of pyruvate-3-D in 
carbohydrate synthesis would be expected to result in the ap- 
pearance of D in position 1 of glucose. The apparent absence of 
the isotope from this position noted in earlier experiments (1) 
therefore suggests that no pyruvate-3-D was formed, or that, if 
formed, phosphopyruvate-3-D was generated from pyruvate-3-D 
by a mechanism which resulted in the retention of deuterium in 
the methylene group in a sterically unique position. Stated in 
another way the possibility would seem to be excluded of the 
formation of phosphopyruvate by the pyruvate kinase system, 
for example. 

Data afforded by experiments employing lactate labeled in 
position 2 with isotopic carbon indicate that carbohydrate is in- 
deed formed from phosphopyruvate which has not been “equi- 
librated” through fumarate (8,9). It was observed that glucose, 
derived from glycogen deposited in the liver after administration 
of pt-lactate-2-C¥ (8) or t-lactate-2-C (9) was more heavily 


* Aided by grants from the United States Public Health Service, 
National Institutes of Health (No. RG-5905), and the National 
Science Foundation (No. G-5099). 


labeled in positions 2 and 5 than in positions 1 and 6, respectively. 
These results were interpreted as evidence of the formation of 
phosphopyruvate-2-C® and -2-C™ from pyruvate-2-C® (8) and 
-2-C™ (9), respectively. 

Since publication of the reports mentioned above, Utter and 
Keech (10) have published a preliminary description of an en- 
zyme system in avian liver mitochondria, distinct in its proper- 
ties from the malic enzyme or phosphopyruvate carboxykinase, 
which forms oxaloacetate from pyruvate and CO:. By provid- 
ing oxaloacetate as substrate for phosphopyruvate carboxykinase, 
the new system generates phosphopyruvate which is not “equi- 
librated” through fumarate. This system, as well as pyruvate 
kinase, may account for the formation of phosphopyruvate la- 
beled in position 2 with isotopic carbon having its origin in pyru- 
vate or lactate similarly labeled. 

In attempting to account for absence of deuterium from posi- 
tion 1 of the hexose units of glycogen formed from lactate-2-D 
(1) or fumarate-2,2’-D (7) it was proposed that pyruvate-3-D 
formed from phosphopyruvate-3-D would lose deuterium by the 
pyruvate kinase-catalyzed exchange reaction described by Rose 
(11). This mechanism together with stereospecific removal of 
deuterium by hexose-P isomerase could account for the observed 
results. However, because the exchange reaction described by 
Rose is only about 1.7 times faster than the rate of formation of 
phosphopyruvate by the kinase system,! it seemed possible that 
were pyruvate-3-T used as substrate, tritium might be found in 
position 1 (as well as position 6) of the glucosy] residues of liver 
glycogen. Presence of tritium in position 1 would supply evi- 
dence of formation of phosphopyruvate-3-T in which the hydro- 
gen atoms would be present in sterically equivalent positions, 
i.e. evidence would be provided of the formation of phosphopyru- 
vate by the action of the pyruvate carboxylase-phosphopyruvate 
carboxykinase system or pyruvate kinase, or both. At the same 
time phosphopyruvate-3-T, formed from pyruvate-3-T by a 
pathway involving malate and fumarate as intermediates, would 
lead to the appearance of tritium in a stereospecific position in 
the methylene group. As a result of the participation of this 
pathway labeling of position 6 and not of position 1 of the hexose 
units of liver glycogen would take place. Accordingly a study 
was made of the specific activities of tritium in positions 1 and 6 
of glucose derived from liver glycogen formed from administered 
pyruvate-3-T. 


EXPERIMENTAL PROCEDURE 


Three male rats of the Sprague-Dawley strain (average weight, 
240 g) were fasted for 18 hours before use. Each animal was 


1 Personal communication, Dr. I. A. Rose. 
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TABLE | 


Specific activities of glucose, hydrogen atoms in position 1 and 6 of 
glucose, and of hydrogen atoms of body water 





Substance or atom Specific activity 





d.p.m./pmole or patom 


Glucose 264 
H from position 1 28 
Dimedon-formaldehyde 206 
H of body water 0.8 








then given by stomach tube a solution containing 2.5 mmoles of 
sodium pyruvate-3-T,? specific activity, 9560 d.p.m. per umole. 
After 3 hours glycogen was isolated from the livers; 0.222 g of the 
product was obtained corresponding to a concentration of 0.92 
g per 100 g of liver. On hydrolysis of the glycogen 97% of the 
theoretical amount of glucose was obtained. An aliquot of this 
was oxidized to gluconate by the procedure of Moore and Link 
(12). The tritium appearing in the solvent was counted, giving 
the specific activity of hydrogen in position 1. A control experi- 
ment performed with authentic glucose-1-T* demonstrated that 
98% of the tritium in the molecule could be accounted for by 
the procedure used. To ascertain the specific activity of tritium 
in position 6 a portion of the glucose was oxidized with periodate 
and the formaldehyde arising from the primary carbinol group in 
position 6 isolated and counted as the dimedon derivative (13). 


RESULTS 


The results of the above procedures are shown in Table I. It 
will be seen that although most of the tritium in the glucose is 
located in position 6, tritium is present also in significant amount 
in position 1. Disregarding the 30 d.p.m. per umole present in 
one or more positions other than 1 and 6,‘ the glucose may be 
represented as consisting of a mixture of molecules labeled 


28 56 150 
C—C—_C—_C—_C—C and C—C—_C—C—_C—C. 


The molecule labeled in position 1 and 6 is assumed to have been 
formed from phosphopyruvate-3-T in which the isotope had been 
randomized in the methylene group, whereas that depicted as 
being labeled solely in position 6 is assumed to have been derived 
from oxaloacetate which had been formed from malate and which 
therefore contained tritium in a sterically unique position. 
Because of uncertainties of the extent of possible hydrogen 
exchange reactions taking place before the formation of each kind 
of phosphopyruvate-3-T, the data cannot be used to assess the 
relative contributions of the two types of pathways to the syn- 
thesis of carbohydrate. Moreover, it is evident that in addition 
to possible losses of tritium by exchange, there is a difference be- 
tween the pathways in the proportion of tritium lost from pyru- 
vate-3-T in the course of formation of phosphopyruvate. In the 
case of the pyruvate kinase and pyruvate carboxylase-phospho- 
pyruvate carboxykinase systems, one-third of the tritium initially 
present in pyruvate-3-T may be assumed to be lost as a result of 
the formation of a methylene group from a methyl group. In the 
case of synthesis of phosphopyruvate involving malate and fu- 


2 The tritiopyruvate was a gift from Dr. I. A. Rose. 

3 Glucose-1-T was a product of New England Nuclear Corpora- 
tion. 

4 The 30 d.p.m. per wmole are presumed to be located in position 
4 in accord with studies employing fumarate-2,2’-D (7). 
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marate as intermediates, the loss of tritium is twice as great, for 
in addition to the loss of one-third of the tritium in the formation 
of malate, one-half of the tritium present in the malate initially 
formed would be lost by the action of fumarase. 


DISCUSSION 


The foregoing results support the view that phosphopyruvate 
is formed in liver by two types of reaction pathways. With py- 
ruvate-3-T as substrate one pathway gives rise to phosphopyru- 
vate-3-T in which the tritium and hydrogen atoms of the meth- 
ylene group are randomized, and the other, a product in which 
they are sterically distinct. The pyruvate kinase and pyruvate 
carboxylase-phosphopyruvate carboxykinase systems would be 
expected to yield phosphopyruvate-3-T of the first type, since 
the actions of these enzymes on the sterically equivalent tritium 
and hydrogen atoms of the methyl group of pyruvate-3-T must 
result in the formation of a product in which the tritium is ran- 
domized. On the other hand, the formation of the second type 
of phosphopyruvate-3-T is plausibly accounted for by assuming 
the formation of malate-3-T from pyruvate-3-T. The reversible 
action of fumarase would then be expected to result in the forma- 
tion of a single ‘‘isomer’’ of malate-3-T (6). It is suggested fur- 
ther that the specificity of configuration of tritium and hydro- 
gen atoms in the methylene group of this “isomer” is not altered 
in the reactions leading subsequently to carbohydrate synthesis. 

In recent studies employing L-lactate-2-T it was possible to 
detect tritium in position 1 of glucose derived from the liver gly- 
cogen. The specific activities of positions 1 and 6 were, respec- 
tively, 2 and 54 d.p.m. per watom.® This finding indicates that 
pyruvate-3-T, formed from the administered L-lactate-2-T, was in 
part transformed to phosphopyruvate-3-T containing nonstereo- 
specific tritium in the methylene group. Furthermore, these 
studies shed light on the question of the apparent absence of 
deuterium from position 1 of glucose formed from lactate-2-D. 
In the earlier report (1) the results of the deuterium analyses 
were 0.88 atom % excess at C-6 and zero at C-1. In conformity 
with the results of the present studies, the concentration of hy- 
drogen isotope in position 1 may be expected to be 2/54 of that 
at C-6. The expected D concentration in position 1 for a D 
concentration at C-6 of 0.88 atom % excess is thus 2 X 0.88/54 = 
0.035 atom % excess, a valye estimated to be about one-fifth of 
the error of the determination of the D concentration at C-1. 
The failure of earlier studies to disclose the presence of D at C-1 
may thus be attributed to the limitations of the analytical method 
employed. 


SUMMARY 


Pyruvate-3-T was administered to fasting rats and the liver 
glycogen isolated and hydrolyzed. The specific activities of the 
glucose and of the hydrogen atoms in positions 1 and 6 were de- 
termined. Tritium was present predominantly in position 6 but 
was present in significant quantity also in position 1. From these 
results it is concluded that phosphopyruvate is formed in liver 
by one or more pathways which do not involve malate and fu- 
marate as intermediates as well as by a pathway which does in- 
clude equilibration of the C,-dicarboxylic acids. 


5 Unpublished observations, H. D. Hoberman and A. F. 
D’Adamo, Jr. 
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It has been shown previously (1, 2) that there are two types 
of phosphoglyceric acid mutases, P-glycerate mutases,! the bet- 
ter known 2,3-P-glycerate-dependent mutase which catalyzes 
Reaction 1, 


2,3-P-glycerate + 3-P-glycerate @ 
2-P-glycerate + 2,3-P-glycerate 


and the recently described type of mutase which does not re- 
quire addition of 2,3-P-glycerate and which therefore catalyzes 
Reaction 2, 


3-P-glycerate = 2-P-glycerate (2) 


We have presented the distribution of the two types of en- 
zymes in many biological materials (1-4) and shown that the 
mutase catalyzing Reaction 2, heretofore called 3-P-glycerate 
mutase, is predominant in seeds or portions thereof. However, 
extensive purification and study of this type of mutase other 
than from wheat germ (2) has been handicapped by the rela- 
tively low concentration of the enzyme in available sources. 
Recently we have been able to procure adequate amounts of 
rice germ, the second best source thus far tested for this enzyme 
(4). It appeared of interest to purify the enzyme from this 
additional source in order to test whether the purified enzyme 
needed 2,3-P-glycerate, and also because studies from this labo- 
ratory, to be presented elsewhere, indicate differences in mecha- 
nism of action of the enzymes catalyzing Reactions 1 and 2. 
This paper presents a method which achieves some 500-fold 
purification of the enzyme from rice germ. These preparations 
are nearly twice as pure as the preparations from wheat germ 
previously described (2). A number of the properties of the 
purified enzyme are also presented. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Rice germ was received in the laboratory 3 days after milling.” 
3-P-glycerate containing 0.26% 2,3-P-glycerate was obtained 


* Fellow of the Foundation Juan March, Madrid, Spain. 

1The abbreviations used are: 2,3-P-glycerate, p-2,3-diphos- 
phoglycerate; 3-P-glycerate, p-3-phosphoglycerate; 2-P-glycerate, 
p-2-phosphoglycerate; p1.-2-glycerate, p1L-2-phosphoglycerate; 
DPG, pv-2,3-diphosphoglyceric acid. 

2 The milling industry in this country does not provide rice 
germ. This is available, however, as a by-product in large quan- 
tities in the Valencia mills. 


from Schwarz Laboratories, Inc. p1i-2-P-glycerate, 3-P-glycerate 
free from 2 ,3-P-glycerate, and enolase low in P-glycerate mutase 
were obtained as previously described (1, 3) except that in the 
latter case only one ethanol fractionation was carried out (at 
pH 4.75 + 0.5 and with 0.12 m KCl), since, under these condi- 
tions, 3-P-glycerate mutase contamination is reduced. The 
bulk of activity was found between 35 and 47% ethanol and the 
ratio of enolase to mutase was 200:1. This ratio was increased 
by the resin treatment previously described (1). Bentonite 
(Volelay SPV), a gift from Dr. Paul Bechtner of the American 
Colloid Company, was washed as previously described (2). 
Kaolin (N.F. 1 X colloidal Mallinckrodt) was washed by sus- 
pending it in 10 parts (weight per volume) of deionized water. 
After centrifugation (5 minutes at 350 X g) it was resuspended 
in 10 parts of deionized water. Hydroxyapatite was prepared 
by the method of Tiselius et al. (5). Pi was measured by the 
method of Gomori (6). When better sensitivity was required, 
the volume and reagents of this procedure were decreased to 75 
and the chromogenicity was measured in 0.3 ml in 1-cm light 
path cells in a Beckman DU spectrophotometer at 750 mu. 
The enzymatic activity was followed as previously described 
(1, 3). Unless specified otherwise, the rapid enolase-coupled 
assay (at pH 8.5) was used. Protein was estimated by the 
method of Lowry et al. (7). 2,3-P-glycerate was measured by 
the colorimetric method No. 4 previously described (1); however, 
the volumes and reagents of the procedure were decreased to #5 
and the chromogenicity of pyruvate was measured in 0.3 ml cells 
in the Beckman DU spectrophotometer. In this manner from 
0.1 to 1.0 mumole of 2,3-P-glycerate can be estimated with 
accuracy. 

Purification Procedure—The steps of the fractionation were 
carried out at 0°, unless specified otherwise. Centrifugations 
were for 10 minutes at 4000 X g. The ammonium sulfate solu- 
tions were saturated at the indicated temperatures. 

Rice germ was extracted with 4 volumes of deionized water 
(weight per volume) for 40 minutes, filtered through cloth,’ and 


3 In order to facilitate handling of large quantities, since large 
juice presses appear not to be available, we have built an efficient 
and simple one by drilling small holes in a 5.7-liter stainless steel 
beaker which fits well inside another beaker of 7-liter size pro- 
vided with a spout near the bottom, and lifted with the aid of a 
14 ton car jack. The whole assembly is mounted in a rigid steel 
frame provided with an upper rod with a plate which fits closely 
the 5.7-liter beaker opening. By incorporating a set of hooks the 
beaker can be lowered after compression even if, as occasionally, 
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centrifuged. Each 1000 ml aliquot of supernatant fluid (Frac- 
tion 1) was added rapidly to a beaker containing 694 ml of ace- 
tone at —25°. The precipitate obtained was discarded after 
centrifugation. The supernatant fluid was mixed with 2850 ml 
of acetone (measured at —10°) and the mixture was centrifuged. 
The precipitate was taken up in 100 ml of water and then recen- 
trifuged. Any insoluble material was discarded. The superna- 
tant fluid (Fraction 2) was mixed with 138 ml of ammonium 
sulfate solution pH 6.75, at —5°, and the precipitate discarded 
after centrifugation. The enzyme was precipitated from the 
supernatant fluid by the addition of 165 ml of ammonium sulfate 
at pH 6.75 followed by centrifugation. The precipitate was 
taken in water to a volume of 50 ml to give Fraction 3. 

Fraction 3 was mixed for 10 minutes with 40 ml of a suspension 
of bentonite (70 mg per ml) and 10 ml of water. (The optimum 
conditions should be determined with a small aliquot.) The 
mixture was centrifuged and the supernatant fluid was dialyzed 
for 23 hours against 0.005 m NaHCO; (Fraction 4). Each 100 
ml aliquot of Fraction 4 was added to a mixture of 100 ml of 
kaolin suspension (100 mg per ml) and 25 ml of 0.5 m acetate 
buffer, pH 5.6. After 12 minutes at 0°, the mixture was centri- 
fuged and the supernatant fluid was concentrated (by lyophiliza- 
tion) to give Fraction 5. At this stage the enzyme is very stable 
and can be kept frozen at —20° for several months. Fraction 5 
(concentrated to 4 mg of protein per ml) was dialyzed against 
0.005 m NaHCO; for 2 hours. A mixture of 0.8 ml of a suspen- 
sion of bentonite (75 mg per ml) and 0.2 ml of 0.5 m acetate 
buffer, pH 5.6, was added to every ml of Fraction 5. A stable 
preparation with specific activity of 500 was obtained (Fraction 
6). 

Alternatively each 10 ml aliquot of Fraction 5 was mixed for 
10 minutes with 6 ml of a suspension of hydroxyapatite in 10 ml 
of 0.001 m sodium phosphate buffer at pH 6.8. The precipitate 
obtained by centrifugation was eluted for 10 minutes with 7.5 ml 
of 0.025 m sodium phosphate buffer, pH 6.8. The supernatant 
fluid remaining after centrifugation is Fraction 6a. At this 
stage the enzyme is not stable even after dialysis for 2} hours 
against 0.005 m NaHCOQs. 

A summary of the purification procedure is shown in Table I. 

Heat Stability—The enzyme is unstable at temperatures above 
50°. From 50° to 70° the enzyme is not remarkably protected 
from heat denaturation by ammonium sulfate, 3-P-glycerate or 
2,3-P-glycerate, while at 50° these reagents decrease the thermal 
stability of the enzyme. 

DPG Requirements—Neither the crude nor the purified frac- 
tions was stimulated by the addition of 2,3-P-glycerate. 

Effect of pH—The activity of the rice germ mutase at different 
pH values was studied with 3-P-glycerate and 2-P-glycerate as 
substrates. As seen in Fig. 1 the optimal pH is about 8.9 with 
either substrate. This optimum pH is very close to the previous 
optimum found with the enzyme from wheat germ and more 
than 2 pH units removed from the optimal pH shown by the 
2,3-P-glycerate-dependent mutases of muscle and bakers’ yeast 
(8). 

Effect of Divalent Ions—Mg*+ ions up to 1 X 10-* M and U** 
up to 1.7 * 10-‘ m in the assay and up to 1.4 X 10-* m when 
preincubated with the enzyme do not affect the mutase from rice 
germ while Mn*+ and Zn*+ at 1 X 10-* or higher are inhibitory. 





some of the cloth bag is caught between the upper plate and the 
side of the beaker. With this assembly it is possible to work up 
many liters in a few minutes. 


M. Fernandez and S. Grisolia 


TaBLe I 
Purification of rice germ phosphoglyceric acid mutase 
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Fraction Volume p-..F han. 5 Specific Yield 
ml units* mg % 
1 1,000 11,000 | 8,000 1.3 100 
2 100 9,000 | 1,300 6.9 81 
3 50 8,500 500 17 75 
4 93 7,068 49.3 143 64 
5 14 4,690 14 335 42 
6 5 2,700 5.2 518 22 
6a 8 720 0.96 750 7 




















* An enzyme unit caused an increase in optical density of 0.100 
per minute (equaling 0.307 umole turnover) under the conditions 
of the enolase-coupled method (3). The ratio of enzyme units 
per milligram of protein is the specific activity. 
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Assayed by the enolase-coupled method (3). Fraction 6 was used 
in these experiments. (PGA is 3-phosphoglycerate.) 


Effect of Substrate Concentration—The K,, for 3-P-glycerate 
has been calculated to be 1.15 X 10-* m from the data shown in 
Fig. 2. The enzyme, like the wheat germ enzyme, is not inhib- 
ited by pi-2-P-glycerate (up to 124 wmoles per ml) in contrast 
to the marked inhibitory effect previously noted with the 2,3 
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dependent mutases (3). From activity measurements with pL- 
2-P-glycerate as substrate and from calculations based on the 
Haldane relationship (8), the K,, for 2-P-glycerate is about 2.5 x 
10 a. 

Phosphatase Activity—Partially purified rice germ mutase prep- 
arations (Fraction 6) showed marked phosphatase activity with 
3-P-glycerate and 2 ,3-P-glycerate. 

Appropiate aliquots were incubated at 38° and in a 1.5 ml 
volume with 6 umoles of 3-P-glycerate, B-glycero-P, or PP; for 
various lengths of time and at pH’s 5.0, 8.5, and 9.0 in the pres- 
ence of 100 uwmoles of acetate, Tris, or glycylglycine buffers, 
respectively. The ratio of phosphatase activity with these sub- 
strates (at pH 5.0) did not appreciably change at the higher 
pH values, although at pH 9.0 the enzyme activity decreased 
some 50-fold. At this pH the ratio of mutase to phosphatase 
activity is of the order of 16,000. It appears unlikely, but the 
possibility is still open, that the phosphatase activity at the 
higher pH’s is due to a dual role of the mutase. It is of interest, 
in this regard, that the highly purified mutase of wheat germ 
(2) shows phosphatase activity. 

Analysis for Phosphate and 2 ,3-P-glycerate—Eight milligrams 
of protein (Fraction 6) in 0.5 ml were mixed with 0.5 ml of 5% 
trichloroacetic acid and the mixture was centrifuged. The pre- 
cipitate was taken up in 0.2 ml of 20 n H.SO,, heated at 160° for 
5 hours, and treated with hydrogen peroxide (9). No phosphate 
was detectable in this sample. An aliquot of the supernatant 
fluid showed an equivalent of 0.113 umole for the total sample or 
about 1 mole of P;/70,000 g of protein. Another aliquot of the 
supernatant fluid was hydrolyzed with 20 n H.SO, under the 
same conditions as described for the precipitate. This aliquot 
showed the equivalent of 0.137 wmole of P; for the total sample, 
corresponding to 1 mole of Pi/58,000 g of protein. Another 
aliquot of the supernatant fluid was extracted with ethyl ether, 
and the aqueous fluid was then analyzed for 2,3-P-glycerate. 
The sample was essentially free from 2,3-P-glycerate since we 
detected 2,3-P-glycerate corresponding to less than 1 mole/5 x 
10° kilos of protein. 

Effect of Time of Incubation—Tests were conducted with 0.068, 
0.12, 0.16, and 0.168 yg of mutase preparations (at different 
stages of purification) from rice germ, wheat germ, yeast, and 
muscle under the conditions of assay of the enolase-coupled 
method (3). Their initial activities were 0.025, 0.0167, 0.0167, 
and 0.0143 unit, respectively. No change in rate was observed 
for 500, 300, 300, and 500 minutes, corresponding to a total 
molar turnover for substrate to enzyme of 2, 1.72, 2.4, and 2.4 x 
10’; however, after this turnover the activity of both muscle and 
yeast preparations decreased markedly. 


DISCUSSION 


The extensive purification of P-glycerate mutase from rice 
germ permits drawing a parallelism between the properties of the 
mutases which do or do not require addition of 2,3-P-glycerate 
for activity (4). As shown here the optimum pH, the affinity 
for substrates, and the lack of requirement for 2,3-P-glycerate 
are essentially the same for this enzyme as for the wheat germ 
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enzyme (2). Further, ultracentrifuge measurements indicate 
that the best preparations are homogeneous, and from the sedi- 
mentation studies these preparations are judged to have a molec- 
ular weight of the order of 30,000 as was also found for the wheat 
germ enzyme (2). In contrast, the 2,3-P-glycerate-dependent 
mutases have molecular weights 2 to 4 times greater (10). The 
2,3-P-glycerate-dependent enzymes also differ markedly in opti- 
mum pH (more than 2 pH units) in their higher affinity for 
substrates and in their inhibition by high concentrations of 2-P- 
glycerate. 

It appears rather doubtful, but the possibility is still open, 
that the phosphatase activity of the 2 ,3-P-glycerate-independent 
enzyme is due to a dual function of the mutase as we considered 
previously (2). The relatively low concentration and the ex- 
tensive purification required for the 2 ,3-P-glycerate-independent 
mutases, in contrast to the 2,3-P-glycerate-dependent mutases, 
makes it difficult to carry out a detailed comparative study as 
with the muscle and yeast enzymes (3, 10). 


SUMMARY 


The phosphoglyceric acid mutase of rice germ has been ex- 
tensively purified and shown not to require addition of 2 ,3-phos- 
phoglyceric acid for activity. Further, it has been shown that 
the purified preparations do not contain this coenzyme. The 
properties of the purified preparation, thus far studied, are iden- 
tical to the properties of the wheat germ enzyme. These studies 
clearly confirm the existence of two different types of phospho- 
glycerate mutases, 2,3-phosphoglyceric acid-dependent and -in- 
dependent enzymes. 
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Our current investigations on the chemical processes associated 
with muscular activity (1) require more sensitive methods for 
the determination of various metabolic intermediates than are 
currently available, and the present work is a contribution to the 
development of such procedures. These aim at the determina- 
tion of hexose monophosphates on the one hand, fructose diphos- 
phate and triose phosphates on the other. The methodology 
consists of a modification of the procedures of Slater (2), by the 
use of fluorometry for the determination of the oxidation of re- 
duced diphosphopyridine nucleotide. To accomplish this with 
the required reliability, a number of experimental details had to 
be critically examined. 

As will be recalled, the Slater methods rest upon the following 
reactions: 

Enzyme Preparation A: 


Fructose-diP = glyceraldehyde-P + dihydroxyacetone-P 


dihydroxyacetone-P 
Dihydroxyacetone-P + DPNH — glycerol-P + DPN* 
Enzyme Preparation B: 
Glucose-6-P — fructose-6-P 
Fructose-6-P + ATP - fructose-diP 


Hence, by the use of Enzyme Fraction A, one determines the 
sum of fructose-diP and triose phosphates, whereas subsequent 
addition of Enzyme B yields the additional determination of 
hexose monophosphates (including glucose-1-P, see below). By 
the use of individual purified enzymes, one could accomplish the 
separate assays of each of these individual substances, but for 
the purpose currently envisaged, the group-wise analyses as in- 
dicated are biologically meaningful, since they represent those 
classes of intermediates which are readily interconverted into 
each others, without the additional incorporation or loss of phos- 
phate. 


EXPERIMENTAL PROCEDURE 


Preparations 


Enzyme Fractions A and B—The enzymes were prepared from 
rabbit muscle as indicated by Racker (4) and Slater (2), but 


* This investigation was carried out with support of Research 
Grant No. H-3067 of the National Heart Institute, National Insti- 
tutes of Health, Bethesda, Maryland. 

1 A method of this nature for glucose phosphate was alluded to 
by Greengaard (3) but neither his nor the Slater methods seem to 
have been used for tissue extracts. 


certain details are not stressed in their descriptions and are 
separately emphasized: the ammonium sulfate solution was ad- 
justed to pH 7.6 and was saturated at room temperature, about 
25°. It was added to the cold extract slowly, while cooling the 
mixture at 0°. Enzyme A was always freed from phosphohexo- 
kinase by filtration through Celite, as directed by Slater. The 
protein concentration in the final enzyme solutions was of the 
order of 1 mg per ml for Enzyme A, 3.5 mg per ml for Enzyme 
B. These enzyme preparations had no significant spurious 
fluorescence. 

Muscle Extracts—Muscle filtrates were obtained by extracting 
minced or frozen-powdered tissue (about 100 mg) with about 50 
volumes of 0.3 N perchloric acid in the cold, followed by centrifu- 
gation, neutralization with KOH, and removal of KCIO,. 

Treatment of Muscles for Analysis—Most analyses were per- 
formed on sartorius muscles on Rana pipiens, averaging 35 mm 
in length and 100 mg in weight. These were dissected with the 
usual precautions and kept in oxygenated Ringer with CO.-bi- 
carbonate buffer, for various lengths of time. The frogs were 
kept in a wet tank at 3°. In case of curarization, 0.1 mg of 
tubocurarine was injected into the dorsal lymph sack of frogs in 
the cold, whereupon the animals were kept for 10 minutes at 
room temperature before the dissection. The subsequent treat- 
ment of the muscles will be indicated under the respective head- 
ings. Before analysis, the muscles were frozen by immersion in 
isopentane at —180°, and treated with the standard methods of 
this laboratory (1, 5). 

Other Analytical Methods—Phosphorylcreatine and free crea- 
tine were determined with the diacetyl reaction (6, 7), inorganic 
phosphate with a butanol extraction method (8), and ATP with 
the luciferin-luciferase method (9). 


Methods 


Fluorometry—All determinations were done with the Farrand 
model A photoelectric fluorometer.2. This instrument, as cur- 
rently supplied, displays severe overdamping, such that con- 
stant readings require 10 seconds whereas the galvanometer is 
much more rapid. In order to approach the natural period of 
the galvanometer, the 0.5-mf. condenser and the 47 K resistor 
connected in parallel with the galvanometer were removed, and 
an 18 K }-watt resistor was placed in series. This made readings 
in 2} seconds possible. This change necessitates the use of a 1 
P21 photomultiplier tube selected for low noise. The primary 


2 Purchased with the assistance of a grant from the American 
Cancer Society Institutional Research Grant No. IN-3B. 

3 This change was designed and made by Mr. M. O. Schilling, 
Associate Research Physicist in this laboratory. 
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filter was a Corning filter No. 7-37, transmitting a band with a 
maximum at 360 my; the secondary filter was a Corning filter 
No. 4-70, transmitting in the region of emission. For standard- 
ization, the galvanometer was set at full scale deflection for the 
fluorescence emitted by a solution of quinine (0.5 wg per ml) in 
0.1N HSO,. 

Assay Procedure—In typical instances as encountered in the 
analysis of muscle extracts with low hexose phosphate contents, 
the cuvette contained 0.50 ml of reaction mixture (prepared by 
combining 8 ml of 0.05 m triethanolamine buffer, pH 7.6, con- 
taining 0.005 m ethylenediaminetetraacetate (10); 0.34 ml of 0.1 
mM MgCl.; 0.34 ml of 0.005 m ATP; 4 ml of 0.007 mm DPNH, 
and 1.32 ml of H,O, to which 0.50 ml of unknown extract or 
standard solution was added. The reaction was then triggered 
with Enzymes A, and subsequently B, added in 0.05 ml volume 
each. Other proportions were used as the occasion demanded. 
A blank with water instead of extract or standard was run to- 
gether with the analyses. 

Standardization—The calibration factor for the conversion of 





FLUORESCENCE (GALVANOMETER READINGS) 
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Fig. 1, Example of fluorometric determination of hexose di- 
phosphate and triose phosphates (A), and of hexose monophos- 
phates (B). Explanation in the text. 
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Fig. 2. Linearity and stoichiometry in the determination of 
fructose diphosphate. 
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fluorescence readings into DPNH quantities was determined (at 
frequent intervals, with consistent results) by measuring standard 
aliquots of DPNH, prepared by dilution from a stock solution, 
the concentration of which was known from the extinction coef- 
ficient measured at 340 my in a Hilger ultraviolet spectrophotom- 
eter. A daily calibration was also performed by means of 
standard solutions of fructose-6-P and of fructose-diP. 
Experiments 

Linearity of Response—There was a linear relation between 
DPNH concentration and intensity of fluorescence, at least up 
to the level of 20 mumoles per assay. At pH 7.6, as maintained 
during the assays, the fluorescence intensity is still the same as 
that in the optimal alkaline region (11) and is not sensitive toward 
pH. It may be sensitive toward the Mg concentration, but the 
muscle extracts were added in such small amounts that no signif- 
icant contribution to the Mg concentration took place (e.g. of 
10 ml of muscle extract from about 100 mg of muscle, containing 
of the order of 1 umole of Mg salt, 0.1 ml or 0.01 wmole was 
added to 0.75 ml of an incubation medium containing 2.5 umoles 
of Mg salt). Also, internal standards were frequently run. 

Measurement and Recovery of Fructose Diphosphate—Fig. 1 
(first part of the curve) shows the course of a determination of 
0.007 umole fructose-diP, triggered by the addition of Enzyme A, 
Fig. 2 illustrates the linearity of the test; as compared with a 
DPNH calibration, this particular experiment represented a 
recovery of 103%. Hexose-diP added to muscle extracts was 
satisfactorily recovered. 

Measurement and Recovery of Hexose Monophosphate—In Fig. 
1 (second part of the curve) there are given the readings of fruc- 
tose-6-P, and in Fig. 3 the linearity and recovery (96% in the 
given example) of these assays. Similar observations were made 
with glucose-6-P and, when added to muscle, satisfactory recov- 
eries were obtained. Fig. 1 also illustrates the sequential de- 
termination of fructose-diP and hexose monophosphate in the 
same system. 

Is Glucose 1-Phosphate Included in These Tests?—With the 
use of the customary incubation mixture, we have investigated 
the reactivity of the enzyme mixtures toward glucose-1-P. It 
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Fic. 3. Linearity and stoichiometry in the determination of 
fructose 6-phosphate. 
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Fic. 4. Linearity and stoichiometry in the determination of 
glucose 1-phosphate. 
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Fic. 5. Comparison between the determination of glucose 6- 
phosphate by the fluorometric procedure (ordinate) with the same 
determination (before aliquot dilution) by means of glucose 6- 
phosphate dehydrogenase (abscissa). 
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is seen (Fig. 4) that this is also acted upon by Enzyme A and 
Enzyme B in combination. In this particular experiment, the 
recovery of glucose 1-P was 91%; such tendency toward low 
results was usually found. 

Alternative Test of Method—Since in the previous comparisons 
the concentrations of the hexose phosphates, except for glucose- 
1-P, were still determined by the Slater procedure, it was desir- 
able to make another test as well. As such, we have made a 
comparison of the same glucose-6-P solution with our method, 
and with glucose 6-phosphate dehydrogenase according to Ochoa 
et al. (12) (Fig. 5). The results obtained with the two methods 
were always identical. 

Presence of Hexokinase in Assay System—It was found that 
the addition of glucose to the assay system likewise gave rise to 
slow fluorometrically detectable changes, indicative of a con- 
tamination with hexokinase. It was attempted to exclude 
hexokinase by keeping the muscle extract for 1 or 2 days at 0° 
(13), but it was found that any decrease in hexokinase went 
roughly parallel with a total decrease in other activities, pre- 
sumably phosphohexokinase, as well. Neither did we succeed 
in effecting a selective poisoning of the hexokinase with p-chlor- 
omercuribenzoate. 

The experiment illustrated in Fig. 6 indicates that hexokinase 
is mainly contained in Fraction B. Had Fraction A contained 
the majority of the contaminant, hexose monophosphate would 
have markedly accumulated before adding Enzyme B after 20 
minutes, and a higher reaction velocity would have been manifest. 
This result means that in principle only the determinations of 
monophosphates are subject to a possible error, if glucose is 
present in the filtrates. 

It was not found practical to eliminate any possible glucose 
from the extracts by pretreatment with glucose oxidase, since 
the available preparations of this introduced a sizable spurious 
fluorescence. 

In order to test whether this potential source of error is of 
significance, analyses have been performed on muscle extracts as 
such, and after filtration through Dowex 1 columns. Invariably, 
it was found that no significant amounts of reacting impurity 
were left after the resin treatment, so that our analyses do not 
seem to be affected (Table I). Whether this is due to the absence 
of glucose, or to the low reactivity of the traces of hexokinase 
during the reaction times employed was not investigated. It is 
of importance, however, to emphasize this possible source of 
error, which can always be conveniently tested for by the resin 
procedure. Conversely, the addition of hexokinase to the 
enzyme system provides us with a method to determine glucose, 
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Fic. 6. Experiment indicating the presence of hexokinase as a contaminant in Enzyme B. Incubation mixture without phosphate 
compounds, but containing 0.056 umole of glucose. Addition of Enzymes A and B as indicated. Description in the text. 








TABLE I 


Does Free Glucose Enter into Analyses? 


Examples of analyses for hexose phosphates as such, and after 
passage of 2 ml of extract through an ion exchange resin column 
of 1.5 cm height, 3mm diameter. Results are expressed in micro- 
moles per gram of muscle. 

Muscle sets 1 to 5 had low to moderate hexose ester contents, 
whereas in pair 6 the first muscle had been exhausted after iodo- 
acetate poisoning. 


























Before Dowex treatment After Dowex treatment 
Hexose Hexose mono- Hexose Heoxose 
diphosphate phosphate diphosphate monophosphate 
1 0.00 0.19 0.00 0.00 
0.025 0.27 0.00 0.00 
2 0.00 0.08 0.00 0.00 
0.00 0.15 0.00 0.00 
3 0.095 0.41 0.00 0.00 
4 0.29 0.37 0.00 0.00 
5 0.18 1.00 0.00 0.00 
6 9.45 4.07 0.047 0.00 
0.11 0.39 0.00 0.019 
Taste II 


Effect of Recovery at Two Temperatures 
Examples of analyses for hexose phosphates in muscles kept at 
0° for 14 hours (A), or at room temperature for 1 hour followed by 
4 hour at 0° (B). Results are in micromoles per gram of muscle. 
































Hexose Hexose Total Free Phospho- | Inorganic 

diphosphate phate creatine creatine creatine |phosphate 
A 0.38 3.27 27.0 10.80 16.2 5.45 
B 0.16 0.18 26.5 8.05 18.45 6.05 
A 0.00 0.32 21.6 6.34 15.26 4.74 
B 0.00 0.12 21.9 6.05 15.85 4.12 
A 0.23 5.03 21.10 6.00 15.10 4.21 
B 0.090 0.44 20.30 5.70 14.60 5.19 
A 0.15 2.83 23.4 5.94 17.46 3.55 
B 0.16 0.30 24.2 6.20 18.00 4.21 

TaBLeE III 


Effect of Anaerobiosis 
Examples of comparisons between muscles kept at room tem- 
perature in O2 with 5% CO: for 14 hour (A), or kept in O2-COsz for 
1 hour followed by 4 hour in N2 with 5% CO2 (B). Results are in 
micromoles per gram of muscle. 








Hexose . 

Pe vn — comtne | cute | cocles | ghealet 

A 0.033 0.091 22.50 6.64 15.86 3.98 
B 0.044 0.098 22.00 8.26 13.74 5.60 
A 0.036 0.048 23.00 7.15 15.85 4.57 
B 0.053 0.049 22.80 7.90 14.90 5.28 
A 0.055 0.062 21.60 7.62 14.00 4.68 
B 0.091 0.100 23.60 9.65 13.90 6.16 























preferably in the resin-treated extract, but this method has not 
been worked out. 

Analysis of Muscle Extracts—The analyses reported will mainly 
serve to illustrate the applicability of the methods, but were also 
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designed to survey the effect of some of the experimental vari- 
ables in the handling of the muscles upon their composition, 
Actual applications to physiological problems are given else- 
where (1). 

A practical consideration of some importance for the design of 
physiological experiments relates to the question at what tem- 
perature the muscles should be aerated after dissection to as- 
sure the reproducible re-establishment of the resting state. In 
conjunction with these measurements, we have in general also 
determined total and free creatine, inorganic phosphate, and 
sometimes ATP, in order to survey other features of phosphate 
metabolism. As shown in Table II, upper half, it is frequently 
found that equilibrium in oxygenated Ringer at 0° leads to fairly 
high (and erratic) hexose phosphate contents, whereas oxygena- 
tion at 20° followed by a period of cooling reduces these analyses 
to much lower (and more reproducible) values. Sometimes in 
such cases, there was also a lower maintenance of phosphocrea- 
tine, restored to more normal values by aeration at room tem- 
perature. However, other batches of frogs did not show this 
difference, and gave low yields throughout. In general, we have 
adopted the routine procedure of keeping the muscles for 1 hour 
at 20°, followed by 1 hour at 0°. Treatment with curare before 
the dissection did not lead to systematic differences. Our values 
tend to be lower than those of Cori and Cori (14) on muslees 
kept at room temperature. 

Comparisons between muscles kept in O, throughout with 
those kept for 1 hour in O, and $ hour in N, at room tempera- 
ture (Table III) showed no significant differences in some in- 
stances, but a moderate increase in hexose phosphate in others, 
whereas an aerobiosis increased the free creatine and inorganic 
phosphate at the expense of phosphoryl creatine. Likewise (not 
illustrated), treatment of resting muscle with iodoacetate often 
caused no significant change, or a moderate increase especially 
when the hexose phosphate tended to be high already. Compari- 
son of muscles in N2 with those kept in a medium gassed with 
pure CO, (not illustrated) showed no striking increases in hexose 
monophosphate in resting muscles. 

A few examples will be given of the analysis of muscle pairs 
after iodoacetate poisoning, one member of which was stimulated 
to exhaustion and rigor at room temperature. In these cases 
(Table IV) we obtained the classical picture (15) of nearly com- 
pelte disappearance of the phosphoryl creatine and ATP, to- 
gether with a vast increase of both hexose and mono- and diphos- 


TaBLE IV 
Changes in Muscle Composition upon Exhaustion 

Examples of analyses of muscle exhausted after iodoacetate 
poisoning, by electrical stimulation in Nz with 5% COs (A), as 
compared to the unstimulated poisoned control (B). All results 
are in micromoles per gram. Pair 1 was at room temperature, 
and went into rigor, whereas pair 2 was at 0° and exhausted with- 
out contracture. 
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phates, and no increase in inorganic phosphate, if the stimulation 
was performed at room temperature. In the cold, however, 
mostly inorganic phosphate resulted from the phosphocreatine 
breakdown. 


DISCUSSION 


Since the analytical applications of these methods will be de- 
scribed in connection with the physiological investigations for 
which they were designed, it will suffice to point out that the 
adaptation of the Slater procedures to fluorometric techniques of 
analysis has greatly improved the possibility of performing such 
studies on small muscles. Thus, the use of these methods for the 
purposes described here consumes only a small part of the ex- 
tract of a muscle of some 100 mg or less, and is performed with a 
recovery and accuracy within a few per cent. 

The examples of analyses reported here were random, and the 
values obtained need to be assessed on the basis of observations 
under physiologically defined circumstances. 


SUMMARY 


The Slater procedures for the enzymatic determinations of 
hexose phosphate and triose phosphate intermediates of glycoly- 
sis have been adapted to fluorometric measurement. Applica- 
tions are described for the determination of hexose mono- and 
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diphosphates in millimicromole quantities in muscles subjected 
to various physiological treatments, and examples are given of 
the changes in hexose phosphates and other phosphorus com- 
pounds in such instances. 
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The 6-deoxyhexose, t-fucose, has a wide distribution in nature 
as a component of bacterial, plant, and animal polysaccharides 
or oligosaccharides. Its configuration, which is the same as L- 
galactose, suggested to earlier workers that it might be formed 
biosynthetically from p-galactose by reduction of C-1 to a methyl 
group and oxidation of C-6 to an aldehyde. This suggestion 
was rendered untenable by the demonstration that certain bac- 
teria were able to convert specifically labeled p-glucose-C™ to 
L-fucose-C™“ without inversion or cleavage of the carbon chain 
(1-3). Similar results have recently been reported in man (4). 

In 1958, a guanosine nucleotide containing fucose, presumably 
guanosine 5’-diphosphate--fucose, was isolated independently 
from Aerobacter aerogenes (5) and from ewe’s milk (6). An 
insight into the mechanism for the biosynthesis of L-fucose was 
subsequently provided by experiments with crude extracts of A. 
aerogenes in which guanosine 5’-diphosphate-p-mannose was 
shown to be converted to guanosine 5’-diphosphate-t-fucose (7). 
This complex conversion required reduced triphosphopyridine 
nucleotide. The structures of the nucleotides are given in Fig. 1. 

The present paper is concerned with further evidence for the 
identity of guanosine 5’-diphosphate-L-fucose as well as prelimi- 
nary studies on the mechanism of the conversion. Some aspects 
of this study have been presented (9). 


MATERIALS AND METHODS 


GDP-p-mannose—This compound was prepared from yeast by 
the method of Cabib and Leloir (10). The material obtained by 
ion exchange chromatography was further purified before use by 
paper chromatography (11). The sugar moiety of the GDP-p- 
mannose prepared in this fashion was subjected to chromato- 
graphic analysis and found to be only mannose by methods which 
would have revealed 0.2% contamination by 6-deoxyhexoses or 
other aldohexoses. GDP-p-mannose from hen oviduct (12) is 
not a suitable substrate for these experiments as the sugar nucleo- 
tide isolated from this source was found to contain trace amounts 
of three sugars other than mannose when subjected to the same 
analysis. 

A sample of purified yeast GDP-p-mannose was tritiated by 
the New England Nuclear Corporation according to the method 
of Wilzbach (13). The tritiated material was dissolved in water 
and evaporated to dryness three times. The H*-GDP-p-man- 
nose was then purified by paper chromatography (11) and the 
resulting chromatogram scanned for H® activity (14). Approxi- 
mately 2% of the total H® activity in the sample was found in a 


1V. Ginsburg and J. L. Strominger, unpublished results. 


peak associated with GDP-p-mannose. The remainder was 
found mainly at the solvent front and at the origin in unknown 
nonultraviolet light-absorbing compounds. The H?-GDP-p- 
mannose was eluted from the chromatogram with water and 
used for the experiment described in this publication. It con- 
tained approximately 7 X 105 c.p.m. per wmole under the con- 
ditions of the assay employed. 

Determination of H* Activity—The tritium contents of various 
samples were determined by means of a liquid scintillation 
counter. The samples to be analyzed were dissolved in 2.0 ml 
of ethanol to which were added 14.0 ml of toluene containing 
400 mg of 2,5-diphenyloxazole and 5 mg of 1,4-di[2-(5-pheny]- 
oxazolyl)] benzene per 100 ml (15). 

Chromatography—Sugars were chromatographed by descend- 
ing paper chromatography on Whatman No. 1 paper. The 
solvents used included 2-butanone-acetic acid-saturated boric 
acid solution (16), butanol-acetic acid-water (17), phenol-water 
(17), and pyridine-ethy] acetate-water (18). The sugars were 
visualized with AgNO; reagent (19). The papers developed with 
boric acid solvent were first treated with hydrofluoric acid in 
acetone in order to increase the sensitivity of the AgNO; reagent 
(20). The rare aldohexoses for use as chromatographic stand- 
ards were gifts from Dr. H. 8. Isbell; 6-deoxy-p-gulose and 6- 
deoxy-pD-altrose were gifts from Prof. T. Reichstein. 

The solvent used in paper chromatography of the nucleotides 
was ethanol-neutral ammonium acetate solution (11). The nu- 
cleotides were located by the use of ultraviolet light. 

Preparation of Cell-free Extracts of Aerobacter aerogenes—A 
loopful of bacteria from a 24-hour culture of A. aerogenes 
(ATCC 12658), grown at 37° on a nutrient agar slant (Difco), 
was used to inoculate 300 ml of medium which contained 10 g 
of casamino acid (Difco), 5 g of yeast extract (Difco), 3 g of 
K2HPQO,, 1 g of KH2PO,, and 5 g of p-glucose per liter (21). 
After incubation at 37° for 10 hours with aeration, the entire 
culture was transferred into 15 liters of fresh culture medium of 
the same composition and incubation continued for an addi- 
tional 16 hours under the same conditions. The cells were then 
harvested by means of a Sharples supercentrifuge, suspended in 
1 liter of cold water, and recollected by centrifugation at 
10,000 x g for 10 minutes in a Lourdes model AT centrifuge. 
Ordinarily, 60 to 80 g of loosely packed cells were obtained. 
For each gram of cells, 4 ml of 0.04 m potassium phosphate 
buffer, pH 7.4, were added and the cells disintegrated by treat- 
ment for 15 minutes in a Raytheon 10 ke. sonic disintegrator. 
The broken cell suspension was centrifuged at 20,000 x g for 30 
minutes in a Lourdes model AT centrifuge. The supernatant 
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solution, which was used as starting material for purification, 
contained from 5 to 10 mg of protein per ml. 

t-Fucose Isomerase—The source of this enzyme was a crude 
extract of Escherichia coli Bays which was prepared according to 
the method of Green and Cohen (22). The organism, kindly 
supplied by Dr. S. 8. Cohen, was grown on the same medium as 
the one used for the A. aerogenes except that in place of 5 mg of 
p-glucose per ml the medium for E. coli contained 0.2 mg of 
p-glucose and 0.8 mg of D-arabinose per ml. Moist bacterial 
pellets were ground with 3 times their weight of alumina and 
extracted with 10 volumes of water. The cell-free extract ob- 
tained by centrifugation of this suspension was used in the ex- 
periment with L-fucose isomerase. 


RESULTS 


Assay for Enzymatic Activity—The most convenient method 
for following the conversion of GDP-p-mannose to GDP-t-fucose 
is by the spectrophotometric determination of TPNH oxidation. 
As the enzyme preparations contain TPNH oxidase activity it is 
necessary to determine simultaneously the rate of TPNH oxida- 
tion in the absence of substrate. The assay is carried out as 
follows. In two cuvettes are placed 1.0 ml of 0.02 m Tris buffer, 
pH 8.0, containing 0.2 umole of TPNH, and the enzyme protein. 
To one cuvette is added 0.04 umole of GDP-p-mannose in 2 ul 
of H.O, and the rate of decrease in optical density of the two 
solutions at 340 my is determined. The difference in rate of 
TPNH oxidation is a measure of the conversion process. A 
typical assay is shown in Fig. 2. The rate of GDP-p-mannose- 
stimulated TPNH oxidation is taken to be the greatest rate 
attained by the difference curve. The value is somewhat arbi- 
trary, however, as suboptimal amounts of GDP-p-mannose are 
used in order to conserve substrate. A unit of enzyme activity 
is defined as that amount of activity which will catalyze the 
GDP-p-mannose-induced oxidation of 1 umole of TPNH per 
hour under the conditions of the assay. Specific activity is ex- 
pressed as units of enzyme activity per mg of protein. 

Preparation of Enzyme System—The enzyme preparation used 
in these experiments was obtained from crude extracts of A. 
aerogenes by a slight purification procedure. The procedure is as 
follows. To 250 ml of crude bacterial extract (see ““Methods’’) 
are added 300 mg of protamine sulfate, and the resulting precipi- 
tate discarded after centrifugation. Solid ammonium sulfate is 
then added slowly to the solution with stirring until 70% satura- 
tion is reached (0.436 g per ml at 0°). The precipitated protein 
is collected by centrifugation and dissolved in 20 ml of 0.04 m 
potassium phosphate buffer, pH 7.4. This fraction was used for 
the studies presented in this paper. A summary of the procedure 
and the enzymic activity of each step of a typical preparation is 
given in Table I. Attempts to purify the enzymes further have 
thus far been unsuccessful. The enzymic activity of this frac- 
tion is relatively stable. A preparation stored at —20° for 3 
months retained 50% of the original activity. 

Formation and Isolation of GDP-1-fucose—As already reported 
(7), TPNH is necessary for the transformation of GDP-p-man- 
nose to GDP-t-fucose. In preparative experiments for the isola- 
tion and characterization of the GDP-t-fucose, the TPNH was 
supplied by TPN and a TPNH-generating system. In a typical 
preparation, an incubation mixture was prepared that contained 
1.8 umoles of GDP-p-mannose, 1 umole of TPN, 20 umoles of 
dl-isocitrate, 400 units of pig heart isocitric dehydrogenase (23), 
and 100 ul of enzyme in 4 ml of 0.01 m Tris buffer, pH 8.0. In- 
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Fig. 1. Structure of GDP-p-mannose and GDP-t-fucose. R 
represents GDP which is linked to the sugar by its terminal phos- 
phate. GDP-.-fucose is presented as a §-L-fucopyranoside as 
there is no reason to suspect that an inversion of configuration 
at C-1 or a change in ring form occurred during its formation from 
GDP-p-mannose. GDP-p-mannose is known to be an a-D-man- 
nopyranoside from the fact that it can be synthesized enzymically 
from GTP and a-p-mannopyranose 1-phosphate (8). 
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Fic. 2. Assay for the conversion of GDP-p-mannose (GDPM) 
to GDP-u-fucose. Curve A, control cuvette containing 0.2 umole 
of TPNH and 50 ul of enzyme in 1.0 ml of 0.02 m Tris buffer, pH 
8.0; Curve B, same as control except 0.04 umole of GDP-p-mannose 
added at the time indicated; Curve C, difference in optical density 
between the reaction mixture and the control. 
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cubation was carried out at 22° for 1 hour at which time the re- 
action was stopped by heating to 100° for 1 minute. Charcoal, 
60 mg, was added to adsorb the nucleotides. The charcoal was 
collected by centrifugation and washed with three 5 ml aliquots 
of water. The adsorbed nucleotides were then eluted from the 
charcoal with three 2 ml aliquots of 50% ethanol containing 
0.1% concentrated ammonium hydroxide (24). The combined 
eluates were reduced in volume by evaporation with an air 
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Fic. 3. Diagrammatic representation of a paper chromatogram 
of the nucleotides from an incubation mixture of GDP-p-mannose, 
a TPNH generating system, and enzyme. The conditions of 
incubation as well as the method used for obtaining the nucleotides 
from the incubation mixture for chromatographic purposes are 
given in the text. The location of GDP-.-fucose shown in the 
standard compounds was determined from data obtained on the 
GDP-.-fucose isolated from A. aerogenes (5). The solvent used 
for development of the chromatogram was ethanol-neutral am- 
monium acetate solution (11). 
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Fic. 4. Spectrum of authentic L-fucose and GDP-t-fucose in 
the colorimetric test for 6-deoxyhexose (25). Curve A, 0.012 umole 
of t-fucose; Curve B, 0.0095 umole of GDP-.-fucose (calculated as 
GMP from ultraviolet absorption data (26)). 


stream and chromatographed. The resulting chromatogram is 
shown diagrammatically in Fig. 3. The bands from the incu- 
bation mixture corresponding to GDP-.-fucose and GDP-p- 
mannose were eluted separately from the chromatogram with 
water. By this procedure, 0.21 umole of GDP-.-fucose and 0.35 
umole of GDP-p-mannose were isolated. The low recovery of 
nucleotides results from the inefficiency of the methods employed 
in their isolation. 

Characterization of GDP-1-fucose—The identification of the 
isolated reaction product as GDP-t-fucose is based on the follow- 
ing evidence: 

(a) The isolated nucleotide exhibited an ultraviolet absorption 
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spectrum typical of a guanosine derivative. It reacted in the 
specific test for 6-deoxyhexoses (25) to produce a chromophore 
with an absorption spectrum identical to that given by authentic 
fucose as shown in Fig. 4. A comparable amount of GDP-p- 
mannose does not yield a chromophore in this test. A chemical 
analysis of the nucleotide is given in Table II. 

(b) Treatment of the isolated nucleotide with 0.01 Nn HCl for 
10 minutes at 100° liberated a sugar and changed the chromato- 
graphic properties of the guanosine derivative from that of a fast 
running compound to one that cochromatographed with GDP 
(see Fig. 3 for relative positions). Longer hydrolysis led to the 
formation of a guanosine derivative that cochromatographed 
with GMP. This behavior is consistent with the properties ex- 
pected of a GDP sugar. 

(c) The sugar liberated by mild acid hydrolysis exhibited the 
characteristic 400-my absorption peak when assayed for 6-de- 
oxyhexose (25). Its chromatographic properties were identical 
with authentic fucose in four solvent systems (7). Enzymic 
evidence that the sugar obtained from the nucleotide is fucose 
and, furthermore, possesses the L configuration, comes from the 
fact that the sugar serves as a substrate (7) for a crude prepara- 
tion of L-fucose isomerase (22) which catalyzes the interconver- 
sion of u-fucose and t-fuculose. This enzyme is specific for 
sugars with the L-fucose (or p-arabo-) configuration at C-2, C-3, 
and C-4 (22), and presumably would be inactive with p-fucose. 
Evidence for the formation of a ketose from the unknown sugar 
by incubation with L-fucose isomerase was obtained from a posi- 
tive cysteine-carbazole reaction (31). The absorption spectrum 
given by the unknown sugar in this test after incubation with 
L-fucose isomerase as well as the spectrum given by authentic 
L-fucose treated in the same manner is shown in Fig. 5. 

(d) Additional evidence that the enzymically formed GDP- 
linked sugar is L-fucose was provided by the use of tritiated GDP- 
D-mannose as a substrate in order to obtain the unknown sugar 
labeled with tritium. Identification of the sugar could then be 
carried out by the technique of isotope dilution. H*-GDP-p- 
mannose, 0.054 umole, containing approximately 35,000 c.p.m. 
of H® activity (distribution unknown) was incubated with 0.2 
umole of TPNH and 50 ul of enzyme in 1.0 ml of 0.02 m Tris 
buffer, pH 8.0, for 30 minutes at 22°. The nucleotides were then 
adsorbed on 8 mg of charcoal which was collected by centrifuga- 
tion, washed with water, and treated with 1.0 ml of 0.01 n HCl 
at 100° for 10 minutes which hydrolyzed the GDP-linked sugars. 
The charcoal was removed by centrifugation and the supernatant 
solution containing the sugars reduced in volume for paper chro- 


TaBLeE II 
Chemical analysis of GDP-t-fucose 


The results are expressed as wmoles per umole of guanosine. 
The guanosine in the nucleotide was calculated from ultraviolet 
absorption data assuming an ée60 of 11.7 (26). 





Test umoles 





Acid-labile phosphorus (27) A. 
pS eS) ree 2. 
6-Deoxyhexose (25), as fucose.................. 1. 
Pentose (29), as ribose 0. 
Reducing value (30), as fucose 0. 
Reducing value (30), as fucose, after hydrolysis 
for 10 minutes at 100° in 0.01 nN HCl.......... 0.8 
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matography with 2-butanone saturated with water as a solvent 
(32). The developed chromatogram was scanned for H? activity 
by means of a paper strip scanner (14). A peak of activity was 
found in the fucose area which was located by means of side 
markers of authentic L-fucose. An additional peak was found 
at the origin as well as low, diffuse activity that extended the 
entire length of the chromatogram. The fucose area of the 
chromatogram was eluted with water and the eluate was found 
to contain 0.023 umole of 6-deoxyhexose by colorimetric analysis 
(25) and 2,600 c.p.m. of H® activity. An aliquot of this eluate 
containing 1.7 wg of 6-deoxyhexose and 1,180 c.p.m. was added 
to 50 mg of carrier L-fucose and the crystalline diphenylhydra- 
zone derivative of L-fucose was then prepared (33). The crude 
product was recrystallized three times and each crop assayed for 
H? activity. As shown in Table III, the specific activity of the 
L-fucose diphenylhydrazone crystals remained constant. This is 
a strong indication that the H® activity is a part of the L-fucose 
diphenylhydrazone molecule which in turn indicates that the 
H*-labeled sugar eluted from the chromatogram was indeed L- 
fucose. The theoretical yield of derivative from 50 mg of L- 
fucose is 103 mg. At 8.5 ¢.p.m. per mg (Table III), this deriva- 
tive, therefore, accounts for 875 c.p.m. of H® activity or 74% of 
the original H® activity added to the authentic t-fucose. The 
remainder of the H® activity eluted off the paper was most 
probably not associated with the peak but rather was contributed 
by the diffuse activity previously mentioned. This experiment 
is also of value in ruling out the possibility that the enzymically 
synthesized GDP-.-fucose arises from a precursor supplied by 
the enzyme preparation rather than being formed from the trit- 
iated substrate itself. 

Stoichiometry of Conversion—The stoichiometry involved in 
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Fie. 5. Spectra of the cysteine-carbazole reaction (31) given 
by products of the action of L-fucose isomerase (22) on authentic 
L-fucose and on the 6-deoxyhexose isolated by paper chroma- 
tography from an acid hydrolysate of GDP-u-fucose. Authentic 
L-fucose, 2.0 ug, and 2.4 ug of the 6-deoxyhexose (calculated as 
fucose from colorimetric data (25)) were incubated for 1 hour at 
37° with 0.1 ml of L-fucose isomerase in 0.6 ml of 0.025 m sodium 
borate buffer, pH 8.0. The amounts of ketose formed in the reac- 
tion mixtures were then determined by means of the cysteine- 
carbazole reaction (31). The spectra shown in this figure have 
been corrected for the absorbing material contributed by the en- 
zyme preparation as well as the filter paper used in chromatog- 
raphy. Curve A, authentic L-fucose; Curve B, 6-deoxyhexose 
isolated from GDP-t-fucose. 
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TaBLeE III 

Specific activity of recrystallized t-fucose diphenylhydrazone 

L-Fucose diphenylhydrazone (33) was prepared from 50 mg of 
authentic L-fucose to which was added a 1.7 ug solution of en- 
zymically prepared sugar containing 1,180 c.p.m. of H® activity. 
The crude crystals of t-fucose diphenylhydrazone were collected 
by filtration and washed with 20 ml of cold 75% ethanol. The 
crude product was recrystallized from 7 ml of hot 95% ethanol 
and dried under reduced pressure at 40° to yield 41 mg of white 
needles, m.p. 198-200° (literature, 200-200.5°). Of this fraction, 
23 mg were recrystallized from 33 ml of a hot pyridine-H.0 solu- 
tion (1:10) to yield 16 mg of crystals. Of this fraction, 10 mg were 
again recrystallized from 10 ml of hot pyridine-H.O solution to 
yield 5.6 mg of crystals. 





Recrystallization 

















Sample c.p.m. c.p.m./mg 
mg 
First (95% ethanol).............. 5.7 48.9 8.6 
Second (pyridine-H2O)........... 5.4 45.1 8.4 
Third (pyridine-H2O)............ 5.6 47.8 8.5 
TaBLeE IV 


Stoichiometry of conversion 

TPNH, 0.3 umole, and enzyme, 50 yl, were incubated with GDP- 
D-mannose in 1.0 ml of 0.02 m Tris buffer, pH 8.0, until the rate of 
TPNH oxidation equaled that of a control cuvette which con- 
tained only TPNH andenzyme. The amount of TPNH oxidation 
induced by the GDP-p-mannose was calculated from the differ- 
ence in optical density at 340 my of the incubation mixtures and 
the control. The nucleotides in the reaction mixtures were then 
adsorbed on 10 mg of charcoal which was collected by centrifuga- 
tion and washed with water. The amount of 6-deoxyhexose liber- 
ated into the supernatant solution by treatment of the charcoal 
with 0.01 n HCl at 100° for 10 minutes was determined colorimet- 
rically (25). 








GDP-p-mannose added TPNH oxidized 6-Deoxyhexose formed 
umole 
0 0 0.000 
0.046 0.037 0.027 
0.092 0.062 0.045 








the conversion of GDP-p-mannose to GDP-t-fucose is given in 
Table IV. The values given for amount of 6-deoxyhexose formed 
are minimal values as the steps involved before actual determina- 
tion lead to some loss of material. The discrepancy observed 
between the amount of GDP-p-mannose added and the amount 
of TPNH oxidized is probably due to inaccuracies in the method 
of determination. The over-all conversion can then be written 
as follows: 


(1) GDP-p-mannose + TPNH + H+ — GDP-t-fucose + TPNt+ 


Effect of pH—The effect of pH on GDP-p-mannose-induced 
TPNH oxidation is shown in Fig. 6. The pH optimum of the 
conversion by this criterion appears to be approximately 8.0. 

Effect of Preincubation of GDP-p-mannose with Enzyme—As 
can be seen in Figs. 2 and 6, a certain amount of time is required 
after the addition of GDP-p-mannose to an incubation mixture 
before the rate of GDP-p-mannose-induced oxidation becomes 
maximal. This lag can be abolished by preincubation of the 
GDP-p-mannose with the enzyme before addition of TPNH as 
shown in Fig. 7. 
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Fic. 6. Effect of pH on the rate of GDP-p-mannose-induced 
TPNH oxidation. The curves are difference curves obtained in 
the same way as illustrated in Fig. 2. The incubation mixtures 
contained 25 ul of enzyme and 0.2 umole of TPNH in 1.0 ml of 
0.02 m Tris buffer adjusted to the desired pH with HCl. The 
reactions were started by the addition of 0.042 umole of GDP-p- 
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Fia. 7. Effect of preincubation of GDP-p-mannose with enzyme 
on the lag in GDP-p-mannose-induced TPNH oxidation. The 
curves are difference curves obtained in the same way as illus- 
trated in Fig. 2. The incubation mixtures contained 0.2 umole 
of TPNH, 0.042 umole of GDP-p-mannose, and 25 ul of enzyme in 
1.0 ml of 0.02 m Tris buffer, pH 8.0. Curve A, reaction started by 
the addition of GDP-p-mannose; Curve B, GDP-p-mannose pre- 
incubated with the enzyme for 10 minutes. Reaction started by 
the addition of TPNH. 


Detection of Intermediates—No GDP-linked sugar other than 
mannose or fucose has been detected in incubation mixtures of 
GDP-p-mannose and enzyme either with or without TPNH. 
The method used for detection involved absorption of the nu- 
cleotides in an incubation mixture on charcoal followed by mild 
acid hydrolysis in order to liberate the GDP-bound sugars. The 
free sugars were then subjected to paper chromatographic anal- 
ysis under conditions where the presence of sugars other than 
mannose and fucose in amounts greater than 4% would have 
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been detected. Sugars specifically looked for included 6-deoxy- 
mannose, gulose, 6-deoxygulose, altrose, 6-deoxyaltrose, and ga- 
lactose. 


DISCUSSION 


The intermediates involved in the formation of GDP-t-fucose 
from GDP-p-mannose have not been characterized. The ki- 
netics of TPNH oxidation indicate that reduction of GDP-p- 
mannose is not the initial step in the conversion process and 
that an intermediate or intermediates are first formed in sub- 
stantial amounts. The failure to detect any intermediates either 
in the absence or presence of TPNH would suggest that they are 
not GDP-linked sugars of normal stability but possibly sugar 
derivatives which are unstable when liberated from the nucleo- 
tide by hydrolysis. Evidence has been presented (9) that the 
intermediate(s) derived from GDP-p-mannose by incubation 
with the enzyme preparation can be chemically reduced to form 
two new GDP-6-deoxyhexoses. 

The association of L-fucose with a guanosine nucleotide appears 
to have a rational basis in the fact that it is derived from GDP- 
D-mannose. The same reasoning could apply to the association 
with uridine nucleotides of L-arabinose, p-xylose, D-galacturonic 
acid, p-glucuronic acid, and p-galactose, which are derived from 
UDP-p-glucose (cf. 34). In other words, it may be that associa- 
tion with a particular nucleotide (e.g. uridine or guanosine) for 
most sugars is a result of their pathway of biosynthesis. The 
question of why these pathways involve transformations of nu- 
cleotide-bound sugars is another problem. It is possible that 
the organism, by regulating the availability of a particular base, 
exerts some measure of control over various synthetic reactions. 


SUMMARY 


An enzyme preparation obtained from Aerobacter aerogenes 
(ATCC 12658) is able to catalyze the multistep reaction 


GDP-p-mannose + TPNH + H* — GDP-t-fucose + TPN 


The product of this reaction was identified as a guanosine 5’- 
diphosphate-6-deoxyhexose by chemical and chromatographic 
analysis. The 6-deoxyhexose was identified as L-fucose from its 
chromatographic properties, the fact that it served as a substrate 
for t-fucose isomerase, and by the technique of carrier dilution. 
Kinetic data indicate that guanosine 5’-diphosphate-p-mannose 
is not reduced directly but is first converted to an intermediate 
which is then reduced. 
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There are essentially no reports in the literature of inhibitions 
of phosphatide-splitting enzymes by structural analogues of their 
substrates, although a few such analogues are now available by 
synthetic procedures (1-6). Long and Penny (7) have presented 
data from which it may be concluded indirectly that the unnatu- 
ral p-a-lecithin is not an inhibitor of lecithin hydrolysis by 
lecithinase A, but to date this appears to be the sole report of 
such an experiment. 

The present work began as an attempt to prepare and test as 
a lecithinase inhibitor a substance (I) which differs from lecithin 
in having the positions of the phosphate and nitrogen base resi- 
dues inverted. The intermediate alcohol Ila was readily pre- 
pared, but attempts to phosphorylate it by a variety of proce- 
dures failed to give the “inverse lecithin” I. The alcohol itself, 
however, in the form of its acetate salt IIb, which is only rather 
distantly related to lecithin, was found to be a powerful inhibitor 
of venom lecithinase A. A description of certain properties of 
this enzymatic inhibition in vitro and in vivo are reported herein 
(see structural formulas I and II). 


CH.O0COR CH.0COCi7H;; 
HOCOR : HOCOCi7H;; 
H.N(CH;)2CH:CH:OPO;-H CH.2N(CH;)2CH2CH.OH 

+ 2 
A 
a=Br; 
b = CH;COO- 
I II 


MATERIALS AND METHODS 


Enzyme—The dried venom of the American water moccasin, 
Agkistrodon piscivorus,! was used as the source of lecithinase A 
in this work. The venom was stored over Drierite at —50°, and 
made up in 0.005 m calcium acetate (except where otherwise 
indicated) just before use. 

Substrates—Native egg lecithin was prepared by the method 


* Taken from a thesis presented by Arthur F. Rosenthal to the 
Faculty of Arts and Sciences of Harvard University in partial 
fulfillment of the requirements for the degree of Doctor of Phi- 
losophy. A preliminary report of this work was presented at the 
Forty-Third Annual Meeting of the Federation of American So- 
cieties for Experimental Biology, Atlantic City, New Jersey, April 
1959. This work was aided by a grant from the American Cancer 
Society and supported in part by the Fund for Research and 
Teaching of the Department of Nutrition, Harvard School of 
Public Health. 

+ Currently Research Fellow in Nutrition, Havard School of 
Public Health. 

1 Obtained from the Miami Serpentarium, Kendall, Florida. 


of Pangborn (8), as modified by MacPherson (9). Hydrogenated 
egg lecithin was prepared by the procedure of Hanahan (10). 
The native egg lecithin was stored at —20° in 95% ethanol; for 
use, aliquots were taken and the solvent was evaporated in a 
stream of nitrogen. 

Lecithin Analogue—The lecithin analogue was prepared by a 
three-step procedure as follows. 

1. pi-3-Dimethylamino-1 ,2-propanediol distearate. To 36 g 
(0.12 mole) of octadecanoyl chloride in 75 ml of anhydrous 
dimethylformamide were added 5.96 g (0.0500 mole) of 3-di- 
methylamino-1 ,2-propanediol (Eastman practical grade) and 20 
ml of tributylamine. The mixture was warmed to 60-65°, where- 
upon it became homogeneous, and was kept at this temperature 
for 48 hours. To the cooled mixture were added 200 ml of 
diisopropyl ether which had been freshly distilled from calcium 
hydride. Next, the mixture was heated to boiling; to the clear, 
deep red solution were added 20 ml of anhydrous triethylamine. 
After the mixture had cooled to room temperature, the precipi- 
tate of triethylamine hydrochloride was filtered and washed well 
with two 50-ml portions of diisopropyl ether. 

The filtrate was concentrated under reduced pressure (water 
pump; bath temperature 50-60°); when cool, the residual liquid, 
separated into two layers, and acetone (100 ml) were added. 
The homogeneous mixture was cooled to just below room tem- 
perature and 150 ml of acetonitrile were added slowly with 
stirring. The mixture was kept at 5° overnight, then filtered 
and washed with cold acetonitrile. The dried product weighed 
24 g (74%). It was dissolved in ether and clarified by filtration, 
and the solvent was evaporated to give a product satisfactory 
for the succeeding step. For analysis this product was recrystal- 
lized several times from acetone-acetonitrile (2:3). The m.p. 
of the white solid was 37.5-38.5°.? 


CuyiHs1,O4N 
Calculated: C 75.52, H 12.52, N 2.15 
Found: C 75.46, H 12.56, N 2.07 


2. DL-2,3-Distearoyloxypropyl(dimethy]l) -6 -hydroxyethylam- 
monium bromide (Ila). 3-Dimethylamino-1,2-propanediol 
distearate (9.28 g, 0.0150 mole) in 100 ml of warm dimethyl- 
formamide and 15 ml (26.6 g, 0.0213 mole) of ethylene bromohy- 
drin were kept at 45° for 36 hours, during which the quaternary 
salt continually settled out. With the mixture at room tempera- 
ture, ether (300 ml) was slowly added; the liquid was cooled 
overnight at 5° and then filtered. The product was washed well 


2 All m.p. readings herein reported were obtained on a Fisher- 
Johns melting point apparatus. 
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with ether and dried; yield, 10.1 g (86.7%). Recrystallization 


| from boiling acetone-chloroform yielded 9.3 g of white flakes, 
| m.p. 98.5-104°, unaffected by further recrystallization. 


| tion from warm acetone. 


CyHss0;NBr 
Calculated: C 66.46, H 11.16, N 1.80, Br 10.28 
Found: C 67.00, H 11.36, N 1.92, Br? 10.40 


3. DL-2,3-Distearoyloxypropy](dimethy)) -8-hydroxyethylam- 
monium acetate (IIb). The bromide was converted to the 
acetate by passage through Amberlite IR-45‘ acetate in 1:7:3 
chloroform-ethanol-water (9) in a jacketed column through which 
water at 45-50° was run. 

The product was obtained from the eluate by evaporation to 
dryness (water pump; bath temperature, 40—45°) and crystalliza- 
The product was stored at room tem- 
perature in a closed bottle. 


C4sHg907N 


Calculated: C 71.47, H 11.86, N 1.85 
Found: C 71.24, H 12.04, N 1.76 


Very stable aqueous dispersions of this substance were prepared 
by dissolving the solid in boiling acetone and adding, while 
stirring, the required amount of water or 5% glucose preheated 
at 50°. The liquid was warmed, with stirring, for a few minutes 
and evaporated to a volume one-half that of the added water or 
aqueous glucose (bath temperature, 30-35°) in a stream of nitro- 
gen. The presence of many anions other than acetate greatly 
inhibited the dispersion of the solid, but addition of these (e.g. 
Cl-) to a preformed dispersion of IIb caused only a slow gelling 
tendency rather than any actual precipitation. 

Monocetylcholine chloride was prepared by the reaction be- 
tween cetyldimethylamine (Matheson, Coleman, and Bell, Inc., 
Division of the Matheson Company), and ethylene chlorohydrin, 
and recrystallized from ethyl acetate-ethanol. 

Cetylpyridinium chloride was obtained from Matheson, Cole- 
man, and Bell, Inc. 

Estimation of Enzymatic Reaction—The assay system was that 
of Hanahan (11), with 1:19 chloroform-ether (7) as the medium 
and 10 wl. of venom solution containing 10 yg. of A. piscivorus 
venom in 0.005 m calcium acetate. The final solvent medium 
in each tube was 1.0 ml of 1:19 chloroform-ether. All tubes 
were run in duplicate or triplicate. After incubation, the con- 
tents of each tube was titrated with 90% methanolic NaOH 
(0.0208 n). 

Experiments in Vivo—Mice used in experiments herein de- 
scribed were females, 18 to 24 g, of normal Swiss albino stock.® 


3 As bromide; determined in chloroform-methanol (2:7) by ti- 
tration with aqueous 0.1 N silver nitrate and with methanolic 
lithium chromate as an indicator. All other elementary analyses 
were performed by the Schwarzkopf Microanalytical Laboratories, 
Woodside 77, New York. 

‘Prepared by allowing Amberlite IR-45 free base to stand for 


_ 15 hours over an excess of dilute acetic acid, then washing the 





resin in a column with water until the eluate was neutral, and 
finally equilibrating the resin overnight with 1:7:3 chloroform- 
ethanol-water. 

5 Mice were obtained from the Harvard Medical School Animal 
Farm, Boston 15, Massachusetts; Rockland Farms, New City, 
New York; or Russel C. Roberts’ Windy Acres Farm, Canajohari, 
New York. 
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RESULTS AND DISCUSSION 


A. Comparison of Inhibitory Activity of IIb with Other Lipid 
Quaternary Salts—Preliminary experiments indicated that the 
analogue Ilb showed pronounced inhibitory activity against the 
venom lecithinase A. Therefore, experiments were undertaken 
to determine whether this effect was a property of all lipid 
quaternary ammonium compounds by comparing the inhibition 
given by IIb and two other quaternary lipids, cetylpyridinium 
chloride and monocetylcholine chloride. The results of these 
experiments, given in Table I, show rather wide differences 
among the inhibitory activities of quaternary ammonium lipids. 
Cetylpyridinium chloride and cetylcholine chloride were quite 
inconsistent as inhibitors. The latter was a fair inhibitor of the 
enzymatic hydrolysis of the unsaturated lecithin, but had very 
little, if any, effect on the hydrolysis of the saturated lecithin. 
Cetylpyridinium chloride was an inhibitor of the unsaturated 
lecithin hydrolysis, but behaved as an activator of the hydrolysis 
of the saturated lecithin. This last effect suggests that the 
degree of dispersion of the saturated lecithin is the rate-limiting 
factor in its hydrolysis in the ethereal medium, and the main 
action of the detergent-like cetylpyridinium chloride, evidently 
a poor inhibitor of this hydrolysis, would then be interpreted as 
a dispersing agent for this substrate. It should be noted that 
neither of these quaternary ammonium chlorides approached the 
potency of the analogue IIb as a lecithinase A inhibitor; the net 
hydrolysis of 1.2 umoles of unsaturated lecithin containing 1.2 
umoles of IIb, after 15 or 20 minutes, was virtually nil (see B 
below). 

B. Time Curve—It was found that the hydrogenated lecithin 
was unsuitable for kinetic studies because the results were not 
sufficiently reproducible. The unsaturated lecithin behaved 
much better in this respect, although occasionally an erratic 
result was obtained in the inhibited reaction. This appeared to 
be due to microscopical physical differences in the ethereal sys- 
tem beyond the control of the experimental procedure. Sets of 
experimental results containing such erratic data were discarded. 
At very high substrate concentrations, however, the inhibited 
reaction gave completely unpredictable results (see C below). 

Little difficulty was incurred in the preparation of curves of 
velocity of hydrolysis versus time for the uninhibited and ana- 
logue IIb-inhibited reactions; these are shown in Fig. 1. 

C. Michaelis-Menten Curves—In Fig. 2 Michaelis-Menten 
curves are plotted according to Lineweaver and Burk (12). 
Extrapolation of the curves supports either competitive inhibi- 
tion of the enzyme (12), or of the substrate (13). Attempts to 
decide between these two possibilities, by experiments in the 
critical low 1/S region of the graph for uninhibited reaction 
yielded only the erratic results found to be characteristic of in- 
hibition at very substrate concentrations. From the Michaelis- 
Menten data for the uninhibited reaction, a K,, of approximately 
3.5 X 10-* m was calculated for moccasin lecithinase A in the 
ethereal medium. 

D. Experiments Concerned with Hemolysis and Surface Ten- 
sion—The availability of a powerful inhibitor of venom lecithin- 
ase A at once suggested the possibility of using this substance to 
block the hemolytic action of the venom in vivo. First, however, 
a brief study was made of hemolysis by A. piscivorus venom in 
vitro. 

When 30 ug of venom was incubated with washed guinea pig 
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TaBLeE I under ° 
Effect of quaternary lipids on hydrolysis of lecithin by lecithinase A protect 
Procedure A—Inhibitor and lecithin were dissolved together in chloroform and the required amount of ether was added to make | artificia 
1:19 chloroform-ether (inhibited); lecithin was made up in 1:19 chloroform-ether to the final concentrations (uninhibited). Disper- | about a 
sions were used at once. The | 
Procedure B—Inhibitor and lecithin were made up in chloroform-ether separately, and mixed just before zero time (inhibited), or } of the g 
were made up to 1 ml with 1:19 chloroform-ether at zero time (uninhibited). tension 
Inhibitor Procedure Lecithin Inhibitor Incubation time| Blank Titration than - 
dispersi 
Hydrogenated lecithin therefo1 
Table I 
mg (umoles)/tube mg (umoles) /tube min pl NaOH net pl NaOH active x 
STD <@109). dalacreiles cesiioslagves A 1.12 (1.4) 0.595 (0.79) 90 11 4 (3-7) be soug 
RR ears A 1.12 (1.4) 90 8 76 (75-76) ET 
Cetyleholine chloride.......... A 1.53 (1.9) 0.700 (2.0) 60 8 75 (74-75) of anal 
en ede papsatylide Gala a pante ees A 1.53 (1.9) 60 S 85 (83-88) and inti 
found t 
Cetylcholine chloride.......... B 1.33 (1.67) 0.584 (1.67) 60 8 71 (69-74) 250 mg 
Le hana ali Se Gl AM AE AI B 1.33 (1.67) 60 8 72 (69-72.5) massive 
found t 
Cetylpyridinium chloride B 1.0 (1.2) 0.410 (1.2) 20 7 58 (57-61) were ot 
MN Weeds ia ds B 1.0 (1.2) 20 6 47 (42-47) IIb in ( 
were gi 
Unsaturated lecithin of 1 ty 
Ee i tak. B 1.6 (2.0) 1.45 (2.0) 90 10 21 (20-21.5) cant be 
A RIE Rar ar ene B 1.6 (2.0) 90 7 99 (98-100) * : 
e 
Cetylcholine chloride.......... B 1.0 (1.2) 0.420 (1.2) 15 6 57 (52-60) rather | 
Cetylpyridinium chloride...... B 1.0 (1.2) 0.410 (1.2) 15 7 12 (10-17) enzyme 
ST re er es oes B 1.0 (1.2) 15 6 62.5 (62-63) Final 
any pro 
* Venom added in 0.05 m, calcium chloride instead of 0.005 m calcium acetate. was aff 
Table I 
80 
Evide 
Cad 10 is prem 
3 col UNINHIBITED q that thi 
ie INHIBITED dispersi 
2 —- tection 
A aaa ¥ — -L of prem 
a y tion (E 
ae 20 <4 a that lee 
2 >. = 

INHIBITED Y me 

Ta eer a ee eee Poe, See ~ _ 

20 40 60 80 100 120 
TIME (minutes) = 

Fie. 1. Time curves for lecithinase A. The upper curve (un- a A ove 

inhibited) shows the hydrolysis of native egg lecithin (1.2 umoles UNINHIBITED athe. 
per tube) by Agkistodon piscivorus lecithinase A. The lower curve - oxyproy 
(inhibited) shows the hydrolysis of this lecithin (1.2 wmoles) in ee ee ee A ee oe was fow 
the presence of 1.2 umoles of 2,3-distearoyloxypropy] (dimethyl) - 1.0 2.0 ethereal 
6-hydroxyethylammonium acetate (analogue IIb). The assay 17S (mg-!) lecithin 
was that of Hanahan (11), but 1:19 chloroform-ether was used as Rend & 
the reaction medium. Fic. 2. Lineweaver-Burk curves for lecithinase A. Analogue |, 1 
IIb concentration was 0.2 mg per tube. Approximate molecular Coty 

red cells at 38° for 60 minutes, complete hemolysis was obtained.* weight of lecithin was considered as 800. Assay system was that More 
Under the same conditions (but omitting the venom) the ana- of Hanahan (11), but 1:19 chloroform-ether was used as the me- | which t 
logue IIb at a final concentration of 0.000053 m gave 15.2% (13 dium. Incubation time was 5 minutes. — 
to 17%) hemolysis together with some hemagglutination. That ‘ ’ ration 
%) ” . c : i e the analogue can protect the cells from the hemolytic action of | only on 
_* One ml of a 3% suspension of guinea pig red cells, washed five the venom was shown by the fact that when analogue and venom Mich: 
times, was used. The analogue was added as a dispersion in 57% together at the above concentrations were incubated with the | sion to | 

glucose; the medium was m/15 phosphate buffer, pH 7.0, containing , zee 

saline to isotonicity and 250 ug of egg lecithin dispersion to a final red cellsas before, 14.38% (14 to 15%) hemolysis plus some hemag- } petitive 
volume of 5.1 ml per tube. glutination was observed. The results indicate, therefore, that | substrat 
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under very carefully controlled conditions the analogue can 
protect the red cells from hemolysis. However, because of the 
artificiality of the conditions one would hesitate to speculate 
about any potential physiological significance of the observation. 

The possibility existed that various effects in vitro or in vivo 
of the analogue IIb might have been due to lowering of surface 
tension, although its structure was less like that of a detergent 
than even that of lecithin. The surface tension of various 
dispersion concentrations of IIb in demineralized water was 
therefore measured by the ring method. The results, given in 
Table II, indicate that the analogue is not a strongly surface- 
active material, and suggest that other causes of its action must 
be sought. 

E. Toxicity and Venom Protection Experiments—The toxicity 
of analogue IIb to mice was next examined, both intravenous 
and intraperitoneal routes of administration being used. It was 
found that an approximate LD, of IIb given intravenously is 
250 mg per kg, or 5 mg per 20-g mouse; the cause of death was 
massive pulmonary hemorrhage. Much larger doses of IIb were 
found to be tolerated when given intraperitoneally. No deaths 
were observed even after several weeks in mice given 20 mg of 
IIb in 0.50 ml of 5% glucose intraperitoneally; no higher doses 
were given. The LDso per kg intraperitoneally is thus in excess 
of 1g. Moreover, pathological examination revealed no.signifi- 
cant difference in animals which received either as much as 20 
mg of IIb, or glucose alone. 

The foregoing indicates that analogue IIb is a substance of a 
rather low order of toxicity and suggests that it is not a general 
enzyme poison, but that its effects are at least partly specific. 

Finally, experiments were performed to determine whether 
any protection against the lethal action of water moccasin venom 
was afforded by compound IIb. The results are summarized in 
Table III. 

Evidently the analogue exerts a protective effect only when it 
is premixed with the venom before injection. It seems likely 
that this is due to a change in the physical properties of analogue 
dispersions by anions present in body fluids. The fact that pro- 
tection is obtained at all, particularly the rather striking effect 
of premixing analogue and venom before intraperitoneal injec- 
tion (Experiment 1), may be taken as evidence for the postulation 
that lecithinase A plays an important role in the general toxicity 
of such venoms, but can hardly be considered conclusive in this 
regard. 


SUMMARY 


A synthetic lipid quaternary ammonium salt, 2 ,3-distearoyl- 
oxypropyl(dimethy])-8-hydroxyethylammonium acetate (IIb), 
was found to be a powerful inhibitor of moccasin lecithinase A in 
ethereal medium. With both native and hydrogenated egg 
lecithin as substrates, the inhibition brought about by IIb was 
found to be much more pronounced and consistent than any due 
to cetylpyridinium chloride or monocetylcholine chloride. 

More detailed investigation showed that under conditions in 
which the hydrolysis of native egg lecithin by lecithinase A was 
complete within 20 minutes, the presence of an equimolar concen- 
tration of IIb slows the hydrolysis of the lecithin so that it is 
only one-third complete in 2 hours. 

Michaelis-Menten experiments do not allow a conclusive deci- 
sion to be made as to whether the inhibition mode involves com- 
petitive inhibition of the enzyme or reversible inhibition of the 
substrate. 
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TaBLeE II 
Effect of analogue on surface tension of water 


Temperature, 23°. All dispersions were made up in demin- 
eralized water. 














Concentration of analogue Surface tension 
M dynes /cm. 
0.00001 69.11 
0.0001 56.36 
0.001 49.64 
0.01 52.11 
TaBLeE III 


Effect of analogue IIb on moccasin venom toxicity in mice 

All intraperitoneal (i.p.) injections were 0.25 ml and all intra- 
venous (i.v.) injections were 0.1 ml. Intraperitoneally adminis- 
tered analogue was given at a dose of 10 mg. The analogue was 
given intravenously at a dose of 2 mg (found to be consistently 
nonlethal). When two intravenous injections were given, two 
different tail veins were used when possible, or the same vein 
after a lapse of 2 minutes. When two injections were given to 
a mouse, they were always given within 2 to 3 minutes. When 
venom was premixed with analogue, it was given in the same vol- 
ume as analogue alone. The i.p. LDso of moccasin venom per 
20-g mouse is given as 125 yg (14). 














Exper-| No. Glu- Total mice dead at: 
iment | of Venom Analogue IIb cose 
No. |mice 5% | 6hr | 16hr| 24hr| 72 br 
us 
1 10 | 200 i.p. i.p.| 9 9 9 
1 | 10 | 200i.p. | Premixed 0 0 0 0 
with venom 
2 Mi Biv. | ie. 7 8 
2 1 | WOR: i.p. 2 4 
3 130 iv. i.v. ag 7 
3 |10)| 75i.v. | Premixed 1 1 
with venom 
4 7 | 100 i.v. i.v. 7 7 7 
4 7 | 100i.v. | Premixed 7 7 7 
with venom 
5 | 10 | 200i.p.* | i.p. 8 8 
5 | 10 | 200i.p.* i.p. 6 6 





























* Venom 1 week old. 


Under closely specified conditions, IIb can protect red blood 
cells from hemolysis by moccasin venom in vitro. IIb is a rather 
weakly surface-active material in aqueous dispersion and is fairly 
nontoxic to mice. When premixed with moccasin venom before 
intraperitoneal or intravenous injection, IIb was found to afford 
significant protection to mice against the lethal action of the 
venom, but under no other conditions. 


Acknowledgments—Grateful acknowledgment is hereby made 
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Vitamin K has long been known to occur in nature in two dis- 
tinct forms, K, (I), and K, (II), differing both in the degree of 
saturation and length of the side chain. 


O 
| CH; 
i 
R 
O 
CH; | CH; | 
I:R = _cH.—CH=<¢—CH,— Ch.—CH.—Cn—On mt 
| CH; ] 
I:R = — CH.—CH = b_cn, nH 


Yet, little is known about the occurrence and relative distribution 
in nature of the two types of K vitamins. It is generally stated 
in the literature that microorganisms produce the polyisoprenoid 
vitamin K, in contrast to the phytyl derivative K, found in the 
chloroplasts of green plants (1). This conclusion, however, is 
not solidly established since the few systematic studies on the 
natural distribution of vitamin K failed to distinguish between 
the two principal forms (2, 3). This is undoubtedly due to the 
lack of adequate analytical methods. 

The recent synthesis by Isler et al. (4, 5) of a number of homo- 
logues of vitamin K, and K, provided the basis for a systematic 
comparison of their properties. The present paper describes a 
new method for the rapid identification of homologues of vitamin 
K, and K, by qualitative and quantitative infrared spectropho- 
tometry and discusses its usefulness in comparison with other 
analytical procedures. The generous supply of these pure syn- 
thetic reference compounds by Dr. O. Isler, F. Hoffmann-La 
Roche and Company, made this study possible. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Chemical Compounds—Vitamins Kio, Kis, Kio), Kis), 
Ki¢s0), Kars), Kecioy, Karas), Keac2o), Karas), Kecs0), Keocas), Keyas),' and 


* This investigation was supported by research grant No. 
E-1500 from the Division of Research Grants of the National In- 
stitutes of Health, Public Health Service and by Senior Research 
Fellowship No. SF-274 from the Public Health Service. 

1 The synthesis of K2 (4s) has also been reported by Shunk ef 
al. (6). 


Koso) were synthesized by Isler et al. (4, 5)2 KBr, “infrared 
quality,” was purchased from Harshaw Chemical Company, and 
CCh, “spectranalyzed,” from Fisher Scientific Company. 

Weight Determinations—All weighings in the 0.1 to 20-mg range 
were carried out with a Cahn Electrobalance model M-10. This 
instrument was found to be superior to conventional microbal- 
ances in speed, accuracy, and insensitivity to background vibra- 
tions. 

Spectrophotometrical Measurements—Infrared spectra were 
measured with a Beckman IR-4 double beam recording spectro- 
photometer with NaCl optics. For quantitative measurements, 
the instrument was set for linear recording of absorbancy be- 
tween 0 and 1.0. Where high resolution was not required, high 
gain and wide slit programs (2X standard) were used to permit 
fast scanning (100 to 200 wave numbers per minute) with optimal 
pen response. For high resolution spectra, the slits were nar- 
rowed to the point where the limit of the resolving power of the 
NaCl optics was reached and the scanning time reduced corre- 
spondingly. Reproducibility within +1% was assured by 
scanning the spectrum of each sample at least twice. 

Sample Preparation—1. Liquid melt method: Samples were 
prepared as a liquid film between two rock salt plates, either by 
melting of the solid or by direct application of those samples 
which were liquid at room temperature. II. KBr micropellet 
method: Accurately weighed quantities of sample ranging be- 
tween 0.5 and 1 mg were mixed in a mechanical vibrator (Wig-L- 
Bug amalgamator) with appropriate quantities of KBr to give 
mixtures containing 1.0 to 5.0 ug of substance per mg of KBr. 
Between 7- and 10-mg aliquots of these mixtures were then 
pressed into a pellet, 1 X 5 mm, with Beckman’s micropellet 
dye and a Carver press. Sample thickness was determined from 
the weight of the pellet. For spectral analysis, the pellets were 
mounted in a Beckman three-lens beam condenser unit which 
passes 75% of the light through an 0.5 X 4 mm sample area. 
III. CCl, solution method: 0.0155 mmole of sample (3 to 14 mg) 
was dissolved in 0.20 ml of CCl, and immediately transferred 
into a KBr liquid cell with a tuberculin syringe. The liquid cell 
had an optical path of 0.0111 cm as determined by the method 
of interference fringes and a capacity of 0.1 ml. 

Quantitative Evaluation of Spectra—Absorbancies (A = OD) 
of spectra prepared by Methods I and II were determined from 


2 For the designation of vitamin K homologues, the nomencla- 
ture proposed by Isler is followed, the subscript in parenthesis 
indicating the number of C-atoms of the side-chain in the 3 posi- 
tion of the naphthoquinone ring. 
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the recordings by the baseline method which consists of drawing 
a straight line tangent through the minima on each side of the 
absorption peak and measuring the vertical distance between 
the baseline and the point of maximal absorption. With 
Method III the baseline was obtained directly from a solvent 
blank. 

Slit Width Calibration—The following detailed directions are 
based on principles discussed later under “Results.” A cali- 
brating compound of known purity, e.g. pu-vitamin K,,? is dis- 
solved in CCl, in a concentration giving, with the particular cell 
used, an absorbancy of 0.6 to 0.7 at the 1660 cm- peak with 
the use of a slit width program of normal routine scanning. The 
baseline is adjusted by setting A = 0.0 at 1900 cm-, at which 
point the absorbancy of the solution coincides with that of the 
solvent blank. The absorbancies of a selected pair of bands, e.g. 
the 2925 and 1300 cm-! bands, are then measured as a function 
of mechanical slit width. First, the coupling between slit width 
and wave length drive is disengaged and the exact position of the 


3’ Commercially available from F. Hoffmann-LaRoche and Com- 
pany. 
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peak maximum determined by manual adjustment of the wave 
length drive, the latter being fixed at the optimal setting. The 
absorbancy is now recorded at different slit width settings which 
are varied over a wide range. At each slit width setting, suffi- 
cient time is allowed for equilibration of the pen response, so 
that tracings of parallel horizontal lines are obtained, each rep- 
resenting the absorbancy at a given slit width. The absorbancies 
measured at the two band positions, viz. 2925 cm-! and 1300 cm-, 
are then plotted against the corresponding slit width settings 
(Fig. 1), giving two curves, A; and Az. A third curve, Ay’, is 
then plotted by multiplying the values of Az with the value of 
a. (Table IV) characteristic for the chosen band pair of the 
calibrating compound (a, = 0.94 for Kiso) at 2925 and 1300 
em). The construction of Curve A,’ permits the graphical 
determination of the slit widths S,, and S:, corresponding to 
A,i/A2 = a. Since A,’ = a, As, any pair of slit widths which 
satisfy the condition A, = A,’ will also satisfy the desired condi- 
tion Ai = a. A». To find a pair S,, Sz which makes A; = Ay’, 
a line is drawn parallel to the abscissa and the values of S at the 
intersections of A; and A,’ give the desired values of S, and S, 
respectively (Fig. 1). Slit width calibration curves are obtained 
by plotting these values of S,; against the corresponding values 
of S. (Fig. 9). 

Identification of Unknown Sample—This is accomplished by 
determining a = A,/Az at three different settings of the slit 
width pair S, and S, taken from the slit width calibrating curve 
and comparing the found average (Table V) with the value in 
Table IV. 


RESULTS 


Differentiation between K, and Ky Homologues by Qualitative 
Infrared Spectroscopy—it is well known that the ultraviolet 
spectra of K, and K, homologues are qualitatively indistinguish- 
able, since the observed absorptions are all caused by resonance 
in the naphthoquinone nucleus. In the infrared region, however, 
the polyisoprenoid side-chain gives rise to a number of charac- 
teristic bands which are easily distinguished from the absorptions 
of the naphthoquinone nucleus (7). Since the two homologous 
series differ only in the degree of saturation of their side-chains, 
these side-chain bands should provide a basis of differentiation. 

In the K; series, the most conspicuous absorptions correlated 
with the structure of the side-chain are three sharp bands near 
876, 796 and 753 cm- characteristic of the planar all-trans con- 
figuration of crystalline polyisoprenes (7). Unfortunately, the 
exclusive association of these bands with the crystalline state 
limits their usefulness for purposes of practical differentiation 
between K, and K, homologues. Spectroscopic differentiation 
with noncrystalline samples would be preferable, since all known 
homologues of the K; series are oily liquids, and, similarly, the 
K, homologues are usually obtained in oil form unless highly 
purified. Infrared spectra of K, and Ky homologues prepared 
from liquid melts or CCl, solutions are very similar in general 
appearance. Closer examination, however, reveals several signifi- 
cant qualitative differences which persist throughout the two 
homologous series. The spectral characteristics which permit 
rapid differentiation between K, and K, homologues are sum- 
marized in Table I. The infrared spectra of representative 
members of the K, and Ky series are reproduced in Fig. 2. The 
spectra of all K, homologues show two relatively weak bands 
near 1100 and 840 cm- respectively which are not present in the 
spectra of K, homologues. The 840 cm- band has been assigned 
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Fig. 2. Infrared spectra of synthetic vitamin K homologues. 
Ko (45) and Ke,59) measured in CCl, (0.0155 mmole per 0.2 ml), all 
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Fig. 3. Spectral differentiation of vitamin K, and Kz. 
structure of C—H bending region at high resolution. Upper 
curve: Ke i20); lower curve: Ki2oy. The spectra of liquid melts 
were scanned at narrow constant slit (0.125 mm). 





1500 


Fine 


to C—H out-of-plane bending associated with structures of the 
R,R,C=CHR; type (8a), whereas the 1100 cm band is prob- 
ably caused by a skeletal vibration. A third difference is found 
in the shape and apparent position of the C—H bending absorp- 
tions near 1450 cm-'. The spectra of K, homologues show a 
distinctly asymmetrical peak with a sharp maximum at 1465 and 
a shoulder near 1440 em-'. The spectra of K, homologues, on 
the other hand, are characterized by a broad symmetrical ab- 
sorption around 1450 cm-!. An interpretation of the differences 
in this region requires a more detailed analysis of the vibrational 
fine structure which is observable only at high resolution obtained 
with very narrow spectral slits. An expanded scale picture of a 
high resolution scan between 1500 and 1350 cm- is shown in 
Fig. 3 for a typical example of each series, viz. Kic2o) and Ka,20). 
Under these conditions, the broad absorption near 1450 cm-! is 
resolved into a system of closely spaced sharp bands with max- 
ima at 1475, 1466, 1460, 1450, 1438, 1432, 1426, and 1421 cm-, 
which are identical in number and position for both homologous 
series. The relative intensities of these bands, however, vary 
greatly from one series to the other, thus causing the apparent fre- 
quency shift of the unresolved absorption peak observed at lower 
resolution. Well established correlations indicate that the bands 
at 1475, 1466, and 1460 cm- are due to CH, and CH;. The 
observed reduction in intensity of the first two of these bands in 
Koi2o) may result in part from the lower content of CH, groups 
and probably to a larger extent from the lowering effect of a 
double bond on the intensity of adjacent CH. and CH; groups 
(9).4 The bands at 1450, 1438, 1432, 1426, and 1421 cm are 


~ 
4This reduction of absorption intensity of CH: and CH; 


groups adjacent to a double bond was observed by Fox and Martin 
(9) in the C—H stretching region. The quantitative results in 
the following section indicate that it also applies to the CH; bend- 
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TaBLeE II 
Infrared absorbancy indices of equimolar solutions of K, and Kz homologues in CCl, 












































bsorbi Naphthoqui 1 CH CH: 
Absorbing groups aphthoquinone nucleus a CH: CHs 
Wave numbers in cm™ 1660 1330 1300 | 2925 | 1450* 1375 
Compound om or Absorbancy in 0.0111 cm of CCls 
Kio) 4.80 0.711 0.153 0.522 0.202 0.079 0.095 
Kics) 5.90 0.669 0.147 0.473 0.332 0.116 0.112 
Kic20) 6.99 0.706 0.161 0.529 0.478 0.149 0.144 
Kicas) 8.08 0.671 0.152 0.495 0.598 0.175 0.168 
Kiso) 0.16 0.700 0.164 0.529 0.785 0.228 0.204 
Mean +a 0.691 + 0.020 0.156 + 0.007 0.510 + 0.025 
Standard deviation 
oin% +2.9 +4.5 +4.9 
Kas) 3.72 0.690 0.148 0.519 0.071 0.057 0.104 
Kao) 4.77 0.713 0.161 0.525 0.126 0.075 0.110 
Kacs) 5.84 0.735 0.164 0.521 0.192 0.098 0.123 
Kav20) 6.90 0.725 0.165 0.525 0.251 0.122 0.133 
Kaces) 7.95 0.740 0.166 0.532 0.312 0.145 0.142 
Kao) 9.00 0.713 0.172 0.526 0.382 0.168 0.154 
Kays) 10.01 0.709 0.172 0.503 0.416 0.186 0.170 
Kovas) 12.16 0.725 0.177 0.518 0.546 0.230 0.201 
Kas0) 13.22 0.712 0.179 0.501 0.590 0.252 0.215 
Mean + o 0.718 + 0.015 0.167 + 0.010 0.519 + 0.010 
Standard deviation 
oin% +2.1 +5.7 +1.9 




















* Absorbancy was measured at the maximum at 1460 and 1450 cm“, respectively, for K; and Kz homologues. 


more difficult to identify with known correlations. Since they 

are considerably stronger in the K, than in the K, series, it seems 

unlikely that they are due to CH;, even though they cover part 

of the range (1450 + 20 cm) assigned to the asymmetrical 

C—CH; deformation mode (8b). The assignment of these 

bands to the in-plane deformation of the hydrogen atom asso- 
CH; 


ciated with the —C=C group would be more consistent with 
their greatly reduced intensities in the K; series, since K; homo- 
logues contain only a single unsaturated isoprene group. Un- 
fortunately, the fine structure revealed in this region at high 
resolution has not been sufficiently explored in the past. The 
results reported above emphasize the value of high resolution 
studies for the identification of trisubstituted double bonds 
which hitherto have been difficult to detect. Further high 
resolution studies in this region are expected to yield additional 
information of considerable value for detailed structural analyses. 

Identification of K, and K, Homologues by Quantitative Infrared 
Spectrophotometry—The most difficult analytical problem in the 
identification of homologues of vitamin K, and K; is the exact 
determination of the length of the polyisoprenoid side-chain. 
Chemical degradation and hydrogenation procedures, C and H 
analysis, and other quantitative chemical methods are all subject 





ing absorptions near 1375 cm™, whereas the unresolved bands near 
1450 cm™ fail to show a similar reduction of over-all intensity. 
Quantitative elucidation of the fine structure in this region is 
difficult and would require precise vibrational identification of 
the various bands. 


to various errors and generally lack the required precision. Of 
the available quantitative optical methods, ultraviolet spectro- 
photometry and, more recently, nuclear magnetic resonance (10, 
11) have been most widely used. However, the application of 
these methods to the present problem has never been subjected 
to a critical evaluation with regard to their accuracy and limita- 
tions. Quantitative infrared spectrophotometry, on the other 
hand, appeared to offer certain advantages which had not pre- 
viously been exploited. 

A most useful feature of the infrared spectra of 2,3-alkyl-1,4- 
naphthoquinones is the presence of two distinct and identifiable 
sets of bands which are associated with either the naphtho- 
quinone nucleus or the alkyl side-chain (7). Those naphtho- 
quinone and side-chain bands which, on the basis of their 
intensity and strict adherence to Beer’s law, are most suitable 
for quantitative assay in CCl, solution, are listed in Table II, 
together with the corresponding absorbancy values obtained with 
equimolar solutions of a series of K; and K; homologues. It 
can be seen that the molar absorbancy indices of the naphtho- 
quinone bands are identical for all homologues of vitamin K. 
This proves that the intensity of these bands is strictly independ- 
ent of the variations in length and saturation of the polyisopre- 
noid side-chains in position 3. A notable exception is the 1330 
em~' band in the K, series which increases slightly with the length 
of the side-chain. This is also reflected in a 3-fold increase of 
the standard deviation from the arithmetical mean calculated 
for the entire series. 


The intensities of the alkyl bands, on the other hand, increase 
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considerably with increasing side-chain length. For equimolar 
solutions, the absorbancy of the bands near 2925 and 1450 cm-! 
is a linear function of the number of isoprenoid units in the 
side-chain as evident from Fig. 4. This relationship provides 
an excellent measure for the side-chain length of K homologues, 
since the deviations of the experimental values from the theoret- 
ical straight line are not greater than 0.25 isoprenoid unit. It 
will be further noted in Fig. 4 that the slopes of the straight lines 
obtained with the K, series are considerably reduced when com- 
pared with the corresponding K, curves. At 2925 cm-', this 
effect is mostly due to the reduction in absorption intensity of 
CH: and CH; groups adjacent to double bonds (9), whereas 
the smaller decrease of the 1450 cm-! band absorbancy corre- 
sponds roughly to the reduction of CH; groups in K,.4 In the 
K, series an unexplained break in the slope of the intensity plot 
(Fig. 5) between C25 and C4 is observed for the CH; band near 
1375 em-!. The markedly reduced slope of the K, intensity 
curve at 1375 cm-! again reflects the influence of the double 
bond in the Ky side-chains. The K, absorbancies, on the other 
hand, are lowered by a constant amount which causes the two 
curves in Fig. 5 to intersect near Cis instead of C; as expected. 
This reduction of the 1375 cm- peak intensities in the K, series 
is caused by the known resonance band splitting associated with 
the branched —CH(CH;)2 end group (8c) and observable (Fig. 
3) in form of a weaker second band or shoulder at 1365 cm-. 
This was further confirmed by the finding that computation of 
the intensities on the basis of the integrated areas of the CH; 
bands yielded curves which intersect at Cs; in agreement with 
theory. The data in Fig. 5 also show that CH;-branching ad- 
jacent to a double bond, viz. =C(CHs)e as in the case of the 
end group of the Ke side-chain, fails to cause noticeable band 
splitting. This observation appears to be of analytical value. 
Finally, it should be pointed out that the curves in Figs. 4 to 6 
cannot be expected to extrapolate to the origin. Extrapolation 
beyond C; of the K, curve is meaningless, since the periodicity 
of the series begins only with Ci. The intercept of the K, 
curves with the zero ordinate, however, yields interesting infor- 
mation about the absorbance contributed by the 2-methyl- 
naphthoquinone residue. The 2925 and 1450 em- absorbancy 
curves intercept the ordinate very close to the origin, indicating 
that the CH and CH; contributions to these bands are negligible. 
This is confirmed by the virtual absence of these bands 
in naphthoquinone and its 2-methyl derivative (menadione). 
In the K, series, on the other hand, the ordinal intercept of the 
absorbancy curve for the 1375 cm- band is greater than the 
intensity contributed by the CH; group in position 2 of the 
naphthoquinone nucleus, since the first homologue Ky; contrib- 
utes two CH; groups, viz. —C(CH:;)2, whereas the slope of the 
curve corresponds to the subsequent increase by only one methyl! 
group, viz. CCH;. A more detailed analysis of the curves in 
Fig. 5, based on the known structural features of the side-chains, 
clearly showed that the CH; intensity contributions vary con- 
siderably with the structural environment of the methyl groups. 
The approximate relative intensities of the methyl groups de- 
duced from these data are given in Table III. The relatively 
strong intensity of the 2-methyl group on the quinone ring is 
striking. It is even further enhanced in the absence of a side- 
chain in the 3 position, as indicated by the unusually great in- 
tensity of the methyl group in menadione. Moreover, aromatic 


XUM 


H. Noll 


2211 





o @. 2 = 
a 2 oe 


ABSORBANCY OF SIDECHAIN BANDS 
¢ 


° 
x 








° 
ro) 








oo 2 f+ wb» we. oO 
NUMBER OF CARBON ATOMS IN SIDECHAIN 

Fic. 4. Linearity between absorbancy of side-chain bands and 
number of isoprenoid units in side-chain at 2925 and 1450 cm™. 
@, K; homologues; O, K: homologues; ——, absorbancy at 2925 
em™!; --—-, absorbancy at 1460 cm™ (K,) and 1450 em™ (K:). 
Equimolar concentrations (0.0155 mm per 0.2 ml) in CCl,. 














T 

= 

Oo 

120.2004 

© 

q 

> 

oO 

4 

© 0.1004 

oa 

S 

22) 

e ST ee eee 

0 Ke) 20 30 40 50 


NUMBER OF CARBON ATOMS IN SIDECHAIN 


Fig. 5. Linearity between absorbancy at 1375 cm™ and number 
of isoprenoid units in side-chain. @, K, homologues; O, Kz 
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Effect of structure on relative absorption intensities of 
methyl group at 1875 cm“ 
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* Values based on structure c = 1.0. 
t Band at 1345 cm™. 
} Not corrected for resonance band splitting. 


substitution also affects the band position, as indicated by the 
displacement of the methyl band to 1345 cm-! in menadione. 

Determination of Side-chain Length by Absorbancy Ratios—The 
differentiation of closely related compounds by quantitative 
spectrophotometry is mainly limited by the uncertainties of 
weighing and pipetting, variations in optical path length and 
the presence of nonabsorbing impurities. Thus, differentiation 
between Ka;45) and Ka50) e.g. would require a precision of at least 
+3% which is normally about the limit of error for spectro- 
photometric procedures. In the present case, all these sources 
of error were eliminated by the use of an internal standard 
method. 

It has been shown that the molar absorbancy indices of the 
naphthoquinone bands are constant, whereas those of the alkyl 
bands near 2925, 1450, and 1375 cm- increase proportionally to 
the length of the side-chain. It follows that the absorbancy 
ratios a of the side-chain to the naphthoquinone bands 


A, 


awz~- 


A, 


are also a linear function of the number of isoprenoid units in the 
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side-chain. This is shown in Fig. 6 in which the ratios calculated 
for several band combinations from the data in Table II are 
plotted against the number of isoprenoid units in the side-chain, 
Since these ratios are independent of sample geometry and con- 
centration, the deviation of the individual values from the 
straight line is very small, usually less than 0.1 to 0.2 isoprenoid 
unit. 

For identification purposes, the exact values of the absorbancy 
ratios obtained at different frequency combinations by Method 
III are summarized in Table IV. 

Tt should be pointed out that identification of different homo- 
logues does not depend exclusively upon the determination of the 
ratios of side-chain to naphthoquinone absorbancies. In gen- 
eral, differentiation of spectroscopically closely related molecules 
a, b,c... is possible by determining the absorbancy ratios of any 
pair of absorption bands as long as the condition is met 
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in which A,, and A}, denote the absorbancies of Compound a 
at the frequencies vy, and v2. It is obvious from the data in 
Table II and Figs. 3 to 6 that this condition is fulfilled not only 
for any naphthoquinone-side-chain band combinations but also 
for certain pairs of side-chain bands, whereas it is not met by 
any naphthoquinone band combinations. 

As a consequence of these quantitative relationships, each 
vitamin K homologue is characterized by a unique set of intensity 
ratios. In Fig. 7 these relationships are incorporated into a 
scheme for the rapid identification of vitamin K homologues. 
Simple visual inspection results in an efficient sorting out by a 
series of binary decisions based on the most conspicuous differ- 
ences in relative band intensities. 

Standardization of Slit Width—The usefulness of band intensity 
measurements for the characterization of infrared spectra has 
been greatly limited because of the difficulties in reproducing 
absorbancy values in different laboratories. This is due to the 
strong dependence of the absorbancy values, especially of intrin- 
sically narrow bands, upon the spectrometer slit width. The 
“effective’’ slit widths differ from the mechanical slit widths and 
are a complicated function of instrument factors. Russell and 


Thompson (12) made a careful study of this problem and dis- | 


cussed approximation procedures for determining the true molar 
absorbancy indices. These methods, however, are not suitable 
for routine determinations and, according to these authors, 
usually will be unsatisfactory for universal use. 

It is obvious, therefore, that the values of the absorbancy 
ratios listed in Table IV are similarly dependent upon slit width 
and hence of no general reference value unless defined by re- 
producible slit width settings. This was accomplished by a 
simple slit width calibration procedure with any known vitamin 
K homologue as the standard. 

The theoretical basis for this method is the assumption that 
the shapes of the bands, used for determining the values of a in 
Table IV, are identical for all vitamin K homologues or, at least, 
for all compounds belonging to one homologous series. The 
validity of this assumption was tested by determining absorbancy 
as a function of slit width for several bands of a number of vita- 
min K homologues. Some of the curves representing these 
empirical functions are reproduced in Fig. 8. The finding that, 
for the two naphthoquinone bands at 1660 and 1300 cm-', the 
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Fig. 9. Slit width calibration curves representing all slit width 
combinations S,, S2 which, for a chosen band pair », ve, yield 
identical absorbancy ratios Ai/Az: = a. Curves plotted from 
values in Fig.9 according to procedure in Fig. 1. A, Ki,20); @, 
Ke 20); Si: = slit width at », = 2925 em; S: = slit width at 
ve = 1660 cm™ or 1300 cm“. 


TABLE V 
Identification of test compound Kas) by determination of a on 
different instrument (Perkin-Elmer model 21) after slit width 
calibration with pt-vitamin K, as standard 




















Slit width settings (in microns) Absosbe 1 tK t 
calibrated to giveae = 0.94 with | ‘Calibrated slit width settings | | _ as 
for Kacas) 
Si 2925 cm=! S2 1300 cm Ai 2925 cm™ Az 1300 cm™ 
24 100 0.42 0.53 0.79 
42 130 0.42 0.51 0.82 
60 | 160 0.41 0.48 0.85 
Mean 0.82 
a determined with Beckman IR-4 (Table IV) 0.83 








and hence the absorbancy ratio of any pair of bands may be 
varied over a wide range by independent variation of the slit 
widths :5 

Ai _ Fi (Si) 

Az = Fe (Sz) (2) 


By introducing the restrictive condition 
a = a. = constant, (3) 


where a, represents the characteristic value of the calibrating 
Compound c chosen from Table IV, Equation 2 may be rewritten: 


F,(Si) = aF2(S2) or S,; = F*(S2) (4) 


Thus, the new function F* in Equation 4 describes all slit width 
combinations which, for a selected pair of bands, will produce an 
absorbancy ratio of the desired value a. This function is easily 
determined graphically from the curves in Fig. 8 representing the 
functions in equation (1). Slit width calibration curves prepared 


5 For the sake of simplicity, the case of a frequency-coupled 
automatic slit width program is not considered here. 
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by this method for several band combinations are reproduced in 
Fig. 9. 

From the experimentally verified identity of all homologues 
with respect to their slit width functions (Fig. 8) for certain 
band pairs, it follows that any slit width setting chosen from the 
corresponding calibrating curve will give the values of a listed 
in Table IV. For greatest accuracy, it is advisable to take the 
average of the values of a determined at three different slit width 
combinations. If a is determined from the absorbancy ratios at 
2925, 1660, and 1300 cm-', any vitamin K homologue may be 
used as standard for calibration. Commercially available p1- 
vitamin K, ° was found to be an accurate standard. Determina- 
tions involving the bands near 1450 cm~ require standards 
belonging to the same homologous series as the unknown to be 
identified. Detailed directions for carrying out the calibration 
procedure are given under ‘Materials and Methods.” 

As an ultimate test for the validity of this method, the absorb- 
ancy ratio a = Ades cem=!/A1s00 em=! for Ko:35) was determined 
on an instrument with different optical and electronic systems 
(Perkin-Elmer model No. 21)® after slit width calibration with 
commercial pL-vitamin K,. The results obtained at three dif- 
ferent slit width combinations, listed in Table V, are in excellent 
agreement with the value expected for Ka35) from Table IV. This 
entire procedure, including sample preparation and slit width 
calibration, was performed in less than 3 hours; with a faster 
instrument (Beckman IR-4 or IR-7), it is considerably shortened. 

It may be concluded, therefore, that the proposed method for 
the identification of vitamin K homologues is rapid, accurate, 
and independent of sample concentration and geometry, and of 
instrument factors. 

Influence of Method of Sample Preparation—The results re- 
ported above were all obtained with samples prepared according 
to Method III, 7.e. solutions in CCl, Because of its simplicity 
and reproducibility, it is recommended as the method of choice 
for the identification of vitamin K homologues by the absorbancy 
ratio method. Although samples prepared according to Methods 
I and II also showed a straight line relationship between absorb- 
ancy ratios and side-chain length, the slopes and the ordinal 
intercepts of the curves were different with each method. This 
is to be expected from the known influence on the band shapes 
of intermolecular forces, which vary depending on the state and 
dispersion of the sample molecules and the nature of the solvent. 
Moreover, the individual variations in absorbancy ratios deter- 
mined from measurements according to Methods I and II 
exceeded the limits corresponding to +0.4 isoprenoid unit re- 
quired for exact identification. In the case of the KBr pellet 
method, these variations are mainly due to the lack of uniformity 
in pellet transparency. The resulting differences in light scat- 
tering then cause considerable baseline fluctuations in the spectra. 
Sufficient accuracy was attainable, however, by computing the 
mean of at least five individual determinations or by measuring 
the absorbancies at different concentrations followed by graphical 
determination of the slope of the straight line representing Beer’s 
law. Although the results of these measurements are not listed 
here, they are mentioned in view of the great interest in improve- 
ment of the accuracy of the KBr pellet method for the extension 
of quantitative infrared spectrophotometry to the large class of 


6 The author is indebted to Dr. Foil Miller, Mellon Institute, 
for the use of the Perkin-Elmer instrument and for his kind in- 
terest in this work. 
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compounds which are insoluble in solvents with sufficient infrared 
transparency. 

The variations observed with the liquid film method were 
traced to the effect of slight temperature-induced changes in 
sample thickness during scanning and to the tendency of the 
melts to recrystallize. Their elimination seems readily possible 
by the use of thermostatically heated cells. 

Despite these limitations, it was possible to identify with a 
high degree of certainty single spectra of vitamin K homologues 
prepared by either of the three methods by use of the scheme in 
Fig. 7. Identification by this method is largely independent of 
sample preparation and particular slit width settings, since it is 
based on gross intensity differences of a large number of bands 
rather than on a specific numerical value. However, for identi- 
fication with absolute certainty, confirmation by determination 
of absorbancy ratios according to Method I is recommended. 

Influence of Impurities—The most frequent impurities in 
preparations of natural vitamin K homologues are triglycerides 
and long-chain hydrocarbons, because of the selective effect of the 
partitioning methods used for purification. Even though com- 
plete separation of these impurities is rather difficult (5, 7), they 
are readily detected in the infrared spectra by a differential in- 
crease in the absorption intensities of certain bands, especially of 
the C—H stretching near 2900 cm-!. Moreover, triglycerides 
are immediately recognizable by the appearance of an ester 
band near 1735 cm-'. As a consequence, it was found with 
impure samples that absorbancy ratios involving the 2925 cm~-! 
band gave values which were too high, indicating a higher homo- 
logue than shown by determinations based on the bands near 
1450 and 1375 cm-', which are less affected by these impurities 
and hence yield lower, more nearly correct values. Thus, it is 
conclusive proof for the presence of impurities in a sample if 
determinations of side-chain length based on absorbancy ratios 
involving several side-chain bands vary by more than 0.5 iso- 
prenoid unit. If the impurities are less than about 10%, correct 
identification is usually possible by taking the lowest value. 


DISCUSSION 


From a methodological standpoint, the most important result 
of this study is the demonstration that the analytical power and 
the scope of infrared spectroscopy is greatly extended by the 
introduction of reproducible quantitative parameters and by the 
examination of band fine structures under conditions of high 
resolution. This is illustrated by the unequivocal differentiation 
ofsuch similar compounds as Kia) and Kec2o) or Kes) and Kiso), 
with molecular weights as high as 785 and 853. In fact, it 
appears that the point is often reached where greater limitations 
are imposed by the methods of separation and purification than 
by the spectral specificity. 

The reproducible quantitative characterization of qualitatively 
indistinguishable infrared spectra, made possible by the proposed 
measurement of absorbancy ratios at internally standardized slit 
widths, represents a practical solution to a hitherto unsolved 
problem.’? This solution, however, applies only to homologous 
series of compounds which all share at least two bands of 
constant shape and variable absorbancy ratio. This limitation 


7 The alternative method of use of integrated band areas instead 
of absorbancy measurements is tedious without an automatic in- 
tegrator coupled to a recording spectrometer calibrated in linear 
wave numbers; it is not feasible at all with instruments linear in 
wave length. 


XUM 


H. Noll 


2215 


may be considerably reduced by the chemical introduction of a 
spectral marker suitable for use as an internal standard. This 
spectral marker would thus serve the same function as 
the naphthoquinone nucleus in the case of the analysis of vitamin 
K homologues. Spectral marking could be achieved by the 
preparation of derivatives with reagents of suitable infrared 
absorption characteristics, analogous to the use of dinitrofluoro- 
benzene in protein end group analysis, or by the exchange of 
labile hydrogen atoms with deuterium. 

Application of this technique to analytical problems in bio- 
chemistry seems particularly promising, since the biological 
macromolecules, nucleic acids, proteins, and polysaccharides may 
all be regarded as homologous series in the sense that they are 
composed of various combinations of a limited number of small 
repeating units. The potential of infrared spectroscopy for 
sequence analysis of polynucleotides and peptides has not re- 
ceived sufficient attention despite the obvious advantages offered 
by the unmatched specificity of this method. Although it is 
recognized that this specificity gradually diminishes with in- 
creasing molecular weight, the true upper limits have not been 
clearly defined. The present results indicate that they are con- 
siderably higher than is generally assumed. 

The results of this study also indicate that, of the available 
methods for the characterization of K vitamins, quantitative 
infrared spectrophotometry affords the greatest precision. The 
need for precise analytical methods in this field is emphasized by 
recent work implicating various quinone derivatives in electron 
transport and oxidative phosphorylation. So far, the only 
natural K, vitamins obtained in the crystalline state and of 
precisely defined structure, t.¢e. Kecso), Kecas), and Kec4s) (4, 5, 7), 
have been isolated from microorgansims. Isotopic evidence for 
the occurrence of Ko;20) in mammalian tissue has been presented 
by Martius and Esser (13). No solid evidence exists that indi- 
cates the presence of K,-type compounds in organisms other than 
photosynthetic plants. Recent claims by Brodie et al. (14) of 
the isolation, in oil form, of a new K,-like naphthoquinone from 
Mycobacterium phlei are doubtful, since they are only supported 
by a comparison of biological activities in a crude enzymatic 
system. Moreover, a sample of this material received from Dr. 
Brodie, had all the specific spectral characteristics of K., and 
quantitative infrared spectroscopy as well as paper chromatog- 
raphy indicated its identity with Ka45) isolated from Mycobac- 
terium tuberculosis (5, 7). In the light of these chemical results, 
the lack of coenzyme activity of Kus) reported by Brodie and 
Ballantine (15) is an insufficient basis for disproving the identity 
of the two compounds, especially in view of the ambiguity of a 
negative result. The observed occurrence of enzymatic intercon- 
versions (13) further emphasizes the danger of deducing chemical 
structures from complex biological activities. 

Speculations about the reactive site of the vitamin K molecule 
during the chemical transformations responsible for the postu- 
lated coenzyme activity have been focused on the oxidation-re- 
duction properties of the naphthoquinone portion, whereas no 
satisfactory explanation has been offered for the remarkable 
specificity exhibited by the polyisoprenoid side-chains. As 


8 The merits of paper chromatography as an alternative method 
for the identification of vitamin K homologues are discussed in 
Paper II of this series. For pure crystalline samples, x-ray dif- 
fraction appears to offer another valuable method of identifica- 
tion, since qualitative differences have been observed in the pow- 
der diagrams of the pairs Kao), Koss) (4), and Kos), Ka,s0) (5). 








2216 


Green and Lester have pointed out, in none of the systems where 
a vitamin K derivative has been shown to restore enzyme activity 
has it been demonstrated that the quinone undergoes oxidation- 
reduction (16). In contrast to the detailed information on the 
structurally and functionally related ubiquinone coenzymes, 
corresponding studies on the homologous types and distribution 
of the natural K vitamins are lacking, undoubtedly because 
adequate analytical methods have not been available. The 
reported methods for rapid identification of K, and K, vitamins 
may thus help to clarify the present confusion about the relation- 
ship between chemical structure and biological activity of these 
important compounds. 


SUMMARY 


A method for the rapid identification of vitamin K homologues, 
i.e. Kicio,15 es 30) and Kacs,10 ... 50)y by qualitative and quantitative 
infrared spectrophotometry is described. Absorption bands 
near 1100 and 840 cm-, present in Ke, but absent in K; spectra, 
permit qualitative differentiation between the two homologous 
series. The length of the side-chain is determined with an ac- 
curacy of +0.2 isoprenoid unit by measurements of the relative 
intensities of certain bands. A linear relationship is observed 
between the number of isoprenoid units in the side-chain and the 
ratio of the main alkyl stretching and bending bands to the 
absorbancies of the characteristic naphthoquinone bands. 
These absorbancy ratios are characteristic for each homologue 
and independent of substance concentration and optical path 
length. Independence of instrumental factors, 1.e. reproduci- 
bility with different instruments, is accomplished by a novel slit 
width calibration procedure with commercial pt-vitamin K, as a 
standard. The theoretical basis and limitations of this method 
and its general application to the quantitative differentiation of 
qualitatively indistinguishable infrared spectra is discussed. 
The importance of precise identification for elucidation of the 
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relationship between chemical] structure and biological activity 
of vitamin K homologues is emphasized. 
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The existence of adrenal cortical effects upon the metabolism 
of lipids is well substantiated, although their biochemical mecha- 
nism is as yet poorly understood (1-4). Perhaps the most strik- 
ing demonstration of this relationship concerns hepatic synthesis 
of fatty acids, as illustrated by the experiments carried out by 
Brady et al. in 1951 (5, 6). These authors observed that the 
impaired lipogenesis from acetate, found in liver slices obtained 
from pancreatectomized cats, was returned toward normal by 
superimposed adrenalectomy or hypophysectomy. On the other 
hand, the administration of cortisone to normal animals markedly 
depressed lipogenesis from acetate by subsequently isolated liver 
tissue. More recently, Ashmore et al. (7) demonstrated that 
adrenalectomy restores toward normal the depressed lipogenesis 
from pyruvate of liver slices obtained from alloxandiabetic rats. 
Conversely, the administration of cortisone to these diabetic 
adrenalectomized animals re-established depressed hepatic lipo- 
genesis from pyruvate. These observations, suggesting the 
presence of a direct glucocorticoid effect upon lipogenesis, led 
to the studies presented here. Since it is now well recognized 
that adipose tissue is a major site of lipid synthesis and release 
(8-10), and is exquisitely sensitive to several hormones, it ap- 
peared of interest to test in this tissue the hypothesis of a direct 
adrenal cortical effect upon lipid and carbohydrate metabolism. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Male albino rats from the Wistar strain (Harvard Biological 
Laboratories), weighing between 200 and 250 g and fed Purina 
lab chow ad libitum, were used throughout these studies unless 
stated otherwise. Glucose-1-C, glucose-6-C™, and uniformly 
labeled glucose-C“ were obtained from New England Nuclear 
Corporation, and pyruvate-2-C’ from Volk Radiochemica! 
Company. These materials were chromatographically pure. 
The purified insulin used was obtained through the courtesy of 
Dr. W. R. Kirtley of the Lilly Research Laboratories and con- 
tained less than 0.1 ug of glucagon per mg. Cortisol and corti- 
costerone of tested purity were obtained through the courtesy of 
Dr. W. J. Reddy of the Peter Bent Brigham Hospital. These 
steroids were dissolved in ethanol, resulting in an ethanol con- 
centration of 0.125% in the incubation medium. The same 


* Supported in part by grants from the United States Public 
Health Service (A-2460), Bethesda, Maryland, and the Adler 
Foundation, Inc., Rye, New York. 
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tion, New York, New York. 


concentration of ethanol was used for the controls. The adipose 
tissue preparation used was rat epididymal adipose tissue. Liver 
slices were prepared with a Stadie slicer. 

Experiments with radioactive substrates were carried out in 
Krebs-bicarbonate buffer, without added albumin. The con- 
centration of substrates used was 40 mm for pyruvate or 20 mm 
for glucose. For the experiments concerned with the release of 
nonesterified fatty acids the buffer contained nonisotopic glucose, 
5 mm, and 5 g per 100 ml of human albumin (Fraction V, ob- 
tained from the Protein Foundation, through the courtesy of 
Dr. R. J. Pennell). The albumin was freed of fatty acids ac- 
cording to the method of Goodman (11), and was subsequently 
dialized against three changes of 6 liters of Krebs-bicarbonate 
buffer for 72 hours at 5°, filtered through a sterilizing-mesh Seitz 
filter, and equilibrated with 95% oxygen-5% carbon dioxide for 
30 minutes at 37° before use. Nonesterified fatty acids were 
measured according to Gordon (12). The methodology was 
otherwise identical with that described in previous publications 
from this laboratory (13-16). 

Alloxan diabetes was induced by intravenous injection of 
alloxan as previously described (13). The animals were not used 
until at least 3 weeks after alloxan administration and unless 
random blood glucose values exceeded 350 mg per 100 ml. 
Adrenalectomized animals were killed 2 to 5 days after adrenal- 
ectomy. They were maintained on 0.9% sodium chloride solu- 
tion, without hormone therapy, unless stated otherwise. 

The comparison of sham-adrenalectomized and adrenal- 
ectomized rats was carried out, as indicated in the tables, either 
between groups fed ad libitum or between groups similarily 
treated, labeled “paired.” The term “paired” refers to the 
following procedure: during 4 days before operation all animals 
were given Purina lab chow ad libitum and 10% dextrose in their 
drinking water. They were then divided into two groups. One 
group was sham-adrenalectomized, the other one was adrenal- 
ectomized. From the time of the operation until the animals 
were killed no oral food intake was allowed. The animals re- 
ceived as sole caloric supply repeated subcutaneous injections 
(one every 6 hours) of 10% dextrose in water or in sodium 
chloride solution, alternatively. The dextrose solution con- 
tained hyaluronidase (Wydase, Wyeth Laboratories, 300 U.S.P. 
units per liter). The last glucose injection was administered 2 
hours before the animals were killed, exactly 2 days after the 
operation. Drinking water (sham-adrenalectomized) or 0.9% 
sodium chloride solution (adrenalectomized) was allowed ad 
libitum. 

The term “‘tube-fed” used in the tables refers to the following 
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procedure. After sham-adrenalectomy or adrenalectomy, tube 
feeding was carried out twice daily for 5 days, with the technique 
of Kite et al. (17), and the animals were killed at the end of the 
fifth day. The tube feeding consisted of 8 ml administered 
twice daily, representing a daily caloric intake of 70 calories per 
rat of 250 g. Each 10 ml contained 3 g of Dextrin (Difco Lab- 
oratories); 3.5 g of skimmed milk (‘“Breadlac,’’ Borden Com- 
pany); 2 g of corn oil; 100 mg of yeast; 300 mg of NaCl, and 5 
drops of vitamin A and vitamin D preparation (‘Natola,” 
Parke-Davis Company). Homogenization was performed with 
an electric mixer. 


TABLE I 
Metabolism of pyruvate-2-C'4 and uniformly labeled glucose-C by 
adipose tissue from normal, diabetic, and diabetic- 
adrenalectomized rats fed ad libitum* 








5 No. of | Oxidation of Incorporation of ! 
Groups of animals experi- | substrate carbon substrate carbon 
ments to COz into fatty acids | 











Pyruvate-2-C" 











Normal 8 | 7.28 + 0.36f (3.97 + 0.46 

Diabetic 20 | 1.90 + 0.07 |0.40 + 0.21 

Diabetic-adrenalectomized| 17 | 2.09 + 0.12 (0.46 + 0.05 
Uniformly labeled glucose-C'* 

Normal 7 | 3.36 + 0.60 (3.11 + 0.56 

Diabetic 6 | 0.77 + 0.11 |0.008 + 0.002 

Diabetic-adrenalectomized 5 | 0.86 + 0.09 (0.028 + 0.007 











* All values expressed as umoles of carbon 2 of pyruvate-2-C"4 or 
as ymoles of glucose carbon metabolized per mg of tissue nitrogen. 
Incubation carried out for 3 hours in Krebs-bicarbonate buffer 
containing 40 mm pyruvate or 20 mm glucose. 

{ Mean + standard error of mean. 


Adrenal and Adipose Tissue 


Vol. 235, No. 8 


All results have been expressed in terms of micromoles of sub- 
strate carbon oxidized to CO2 or incorporated into long chain 
fatty acids, and have been related to tissue nitrogen. The re- 
lease of nonesterified fatty acids from tissue to the albumin 
medium has been expressed in terms of net release, 7.e. micro- 
equivalents nonesterified fatty acids increase at the end of the 
3-hour incubations, again related to tissue nitrogen. For the 
determination of tissue nitrogen, albumin contamination was 
minimized by rinsing each piece of tissue for 1 to 2 minutes in 
four successive washes of 0.9% sodium chloride solution before 
homogenization. 


RESULTS 


Metabolism of Pyruvate-2-C™ and Uniform Labeled Glucose-C™ 
by Adipose Tissue from Alloxan-diabetic and Alloxan-diabetic 
Adrenalectomized Rats—The effect of adrenalectomy upon the 
oxidation of pyruvate-2-C" and of uniformly labeled glucose-C™ 
to COs, and upon the incorporation of these substrates into long 
chain fatty acids is shown in Table I. When compared with 
normal adipose tissue, adipose tissue from diabetic rats oxidized 
markedly less pyruvate or glucose, whereas lipogenesis from 
either substrate was decreased to a still greater extent. How- 
ever, and in striking contrast to the results reported for liver 
slices (5-7), superimposed adrenalectomy did not alter the de- 
pressed pyruvate or glucose metabolism of adipose tissue from 
diabetic animals. The validity of this discrepancy between the 
hepatic and the adipose tissue response to adrenalectomy in 
diabetes was tested once more for pyruvate-2-C™ with liver slices 
and adipose tissue obtained from the same animal. Fig. 1 il- 
lustrates the results obtained. Since different reference meas- 
urements were used for adipose tissue and liver, absolute values 
should not be compared between tissues. The relative values, 
however, confirm the results shown in Table I, since the same 
animals which demonstrated a return of hepatic lipogenic activity 
toward normal after adrenalectomy superimposed upon diabetes, 


LIPOGENESIS FROM PYRUVATE -2-C'*: 


BY RAT ADIPOSE TISSUE 





NORMAL DIABETIC DIABETIC 
ADXx 





Fic. 1. Recovery of labeled pyruvate carbon in tissue fatty acids 
after incubation of pyruvate-2-C™ with epididymal adipose tissue 
and liver slices from normal, alloxan-diabetic, and diabetic- 
adrenalectomized (diabetic-adx) rats. Adipose tissue and liver 
slices were obtained from the same animals. Each bar represents 








BY RAT LIVER SLICES 





NORMAL DIABETIC DIABETIC 
AOx 


0.8 


0.6 
Ai CARBON 
PER GRAM 


PER 90 
MINUTES 
0.4 


0.2 











° 


the mean of six experiments + standard error of the mean. In- 
cubations carried out in Krebs-bicarbonate buffer. Pyruvate 
concentration 40 mm. Absolute values should not be compared 
between the two tissues because of the different reference measure- 
ment used in each. 
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failed to show evidence for such a trend in adipose tissue. Al- 
though it is conceivable that a small difference might have be- 
come apparent for adipose tissue also, had a shorter incubation 
period been employed, the near identity of the depressed diabetic 
and diabetic-adrenalectomized values makes this seem unlikely. 

Metabolism of Pyruvate-2-C and Uniformly Labeled Glucose-C™ 
by Adipose Tissue from Normal and Adrenalectomized Rats, Fed 
ad Libitum or Fasted—Table II demonstrates the influence of 
fasting upon the metabolic activity of adipose tissue obtained 
from normal and adrenalectomized animals. In tissues ob- 
tained from normal rats, oxidation of both pyruvate-2-C™ and 
of uniformly labeled glucose-C' was reduced by fasting, the de- 
crease being somewhat greater and more acute in the case of 
glucose. This difference was still greater for lipogenesis, that 
from glucose being reduced to less than one-tenth the normal 
value after 24 hours of fasting already, whereas lipogenesis from 
pyruvate remained at one-third the normal level after 96 hours. 
When comparing the initial values for normal and for adrenal- 
ectomized animals, i.e. those obtained on tissues from animals 
fed ad libitum, a lesser metabolic activity of the tissues from 
adrenalectomized rats was already apparent. It is quite con- 
ceivable, however, that this decreased activity was primarily the 
result of altered food intake, as further discussed below. 

The administration of cortisone during fasting to the adrenal- 
ectomized rats did not restore pyruvate or glucose oxidation to- 


TaBLeE II 


Metabolism of pyruvate-2-C'4 and uniformly labeled glucose-C™ by 
adipose tissue from normal and adrenalectomized rats* 











s2 ee Incorporation of 
» Oxida f 
Groups of animals 3& silicteats sabi es eevee 
; to COz — 
Z & acids 
Py-ruvate-2-C'4 
Normal fed ad libitum 8 | 7.28 + 0.36f| 3.97 + 0.46 
Normal 24 hr fasted 8 | 5.97 + 0.47 | 2.85 + 0.41 
Normal 48 hr fasted 8 | 3.88 + 0.30 | 2.12 + 0.28 
Normal 96 hr fasted 8 | 2.81 + 0.13 | 1.37 + 0.16 
Adrenalectomized fed ad libi- | 11 | 4.74 + 0.57 | 2.14 + 0.36 
tum 
Adrenalectomized 24 hr fasted | 13 | 3.88 + 0.31 | 1.78 + 0.38 
Adrenalectomized 24 hr fasted | 6 | 2.40 + 0.26 | 0.41 + 0.07 
and cortisone treated{ 








Uniformly labeled glucose-C'™ 





Normal fed ad libitum 7 | 3.36 + 0.60 | 3.11 + 0.56 
Normal 24 hr fasted 8 | 1.62 + 0.29 | 0.23 + 0.02 
Normal 48 hr fasted 8 | 1.07 + 0.16 | 0.13 + 0.02 
Normal 96 hr fasted 8 | 1.22 + 0.22 | 0.06 + 0.02 
Adrenalectomized fed ad libi- | 6 | 2.34 + 0.28 | 0.47 + 0.11 
tum 
Adrenalectomized 24 hr fasted | 16 | 1.36 + 0.09 | 0.17 + 0.05 
Adrenalectomized 24 hr fasted | 9 | 0.70 + 0.11 | 0.03 + 0.02 
and cortisone treatedt 














* See footnote, Table I. 
+ See footnote, Table I. 


t Ten milligrams of cortisone, subcutaneously, 24 and 12 hours 
before sacrifice. 
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TABLE III 


Metabolism of pyruvate-2-C'4 and uniformly labeled glucose-C' by 
adipose tissue of ‘‘paired’’* sham-adrenalectomized and 
adrenalectomized ratst 
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No. of Oxidation of Incorporation of 
Groups of animals experi- substrate carbon | substrate carbon 
ments to COs into fatty acids 





Pyruvate-2-C™“ 





Sham-adrenalectomized 8 











4.30 + 0.47f | 2.80 + 0.60 

Adrenalectomized 8 3.90 + 0.46 | 3.02 + 0.74 
Uniformly labeled glucose-C™ 

Sham-adrenalectomized 8 1.66 + 0.32 | 0.25 + 0.06 

Adrenalectomized 8 3.00 + 0.31 | 0.62 + 0.10 











* See description under materials and methods. 
t See footnote * Table I. 
t See footnote ¢ Table I. 


ward normal but decreased it still further. Similarly, cortisone 
administration resulted in markedly reduced lipogenesis from 
both substrates. Again the changes in glucose metabolism were 
greater than those observed for pyruvate. 

Metabolism of Pyruvate-2-C or Randomly or Specifically 
Labeled Glucose, or Both, by Adipose Tissue from “Paired”? Sham- 
adrenalectomized and Adrenalectomized Rats—The evident rela- 
tionship between lipogenesis and nutritional state (Table II) 
made it necessary to devise an experimental design providing for 
more uniform nutritional handling of normal and adrenalecto- 
mized animals. The procedure used was that of “paired” sham- 
adrenalectomized and adrenalectomized rats, given only paren- 
teral glucose, as described under “Materials and Methods.” 
Adipose tissue so obtained was incubated with pyruvate-2-C™ 
and uniformly labeled glucose-C“ (Table III). It is apparent 
that the previously noted decreased metabolic activity for tissue 
from adrenalectomized animals has vanished, with regard both 
to lipogenesis and to substrate oxidation. Indeed, glucose oxida- 
tion and lipogenesis from glucose were somewhat greater in the 
adrenalectomized group. When incubation was carried out with 
glucose-1-C'* and glucose-6-C™ as substrates, it is again apparent 
that major differences between normal and adrenalectomized 
tissues were not seen (Table IV) although the metabolism of 
either glucose carbon by adipose tissue from adrenalectomized 
animals was presistently somewhat more active than that from 
the sham-operated controls. It should be pointed out here that 
“paired” feeding programs for animals subjected to endocrine 
manipulation and their controls may be misleading also. Thus, 
adrenalectomized animals, less active in their cages, may well be 
“overfed” relative to their more active controls on such a pro- 
gram. 

Effect of Cortisol Added in Vitro on Metabolism of Glucose and 
Pyruvate—Table V illustrates experiments carried out with 
adipose tissue from normal and adrenalectomized rats, fed ad 
libitum. In the normal group both glucose-1-C™ and glucose- 
6-C" were used, whereas glucose-6-C“ only was used in the 
adrenalectomized group. The addition in vitro of cortisol alone 
(30 ug per ml) did not modify any of the measured parameters, 
nor did the addition of cortisol together with insulin (0.1 unit 
per ml) modify the characteristic insulin effects. Since diabetic 
and diabetic-adrenalectomized animals are more sensitive to the 
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TaBLe IV 
Metabolism of glucose-1-C'* and glucose-6-C'* by adipose tissue of ‘‘paired’’* sham-adrenalectomized and adrenalectomized ratst 








Oxidation of glucose carbon to CO: 


Incorporation of glucose carbon into fatty acids 























Groups of animals i 
Carbon 1 Carbon 6 | Carbon 1 Carbon 6 
No insulin added ¢ 
Sham-adrenalectomized 4 0.96 + 0.11f 0.16 + 0.03 0.11 + 0.05 0.31 + 0.11 
Adrenalectomized 4 1.26 + 0.75 0.22 + 0.06 0.27 + 0.06 0.57 + 0.03 
Insulin added to all flasks 
Sham-adrenalectomized 4 3.62 + 0.48 0.24 + 0.01 1.38 + 0.46 2.43 + 0.79 
Adrenalectomized 4 4.00 + 0.25 0.22 + 0.02 1.82 + 0.11 3.37 + 0.26 




















* See description under ‘‘Materials and Methods.”’ 


¢ All values expressed as umoles of glucose carbon 1 or carbon 6 per mg of tissue nitrogen. 


Krebs-bicarbonate buffer containing 20 mm glucose. 
t See footnote t Table I. 


TABLE V 
Effect in vitro of cortisol and of insulin upon metabolism of 
specifically labeled glucose by adipose tissue from normal 
and adrenalectomized rats fed ad libitum* 





Oxidation of glucose Incorporation of glucose 


























No. at carbon to COz carbon into fatty acids 
Insulin |Cortisol — 
men’ 
| — Carbon 6 — Carbon 6 
Normal rats 
0 0 6 | 0.34 | 0.23 + 0.03f | 0.10 | 0.39 + 0.05 
0 + 6 | 0.47 | 0.25 + 0.02 | 0.10 | 0.29 + 0.05 
+ 0 6 | 5.44 / 0.44 + 0.04 | 2.02 | 5.38 + 1.66 
a + 6 | 4.02 | 0.44 + 0.02 1.52 | 5.79 + 1.50 
Adrenalectomized rats 

0 0 6 0.22 + 0.08 0.18 + 0.05 
0 + 6 0.24 + 0.07 0.23 + 0.09 
+ 0 15 0.66 + 0.09 2.57 + 0.44 
+ + | 15 0.73 + 0.03 2.72 + 0.51 














* Comparison carried out in the same animal (4 pieces of adipose 
tissue from each animal). All values expressed as ymoles of glu- 
cose carbon 1 or carbon 6 per mg of tissue nitrogen. Incubation 
carried out for 3 hours in Krebs-bicarbonate buffer containing 
20 mm glucose. Insulin concentration, when present, 0.1 unit per 
ml. Cortisol concentration, when present, 30 ug per ml. 

+ Mean + standard error of mean. When standard error not 
indicated = mean of 3 values only. 


Incubation carried out for 3 hours in 


Insulin concentration, when present, 0.1 unit per ml. 


hyperglycemic action of glucocorticoids, a further series of ex- 
periments was carried out with tissue obtained from diabetic and 
from diabetic-adrenalectomized animals, as shown in Table VI. 
Again, as previously mentioned, adrenalectomy did not modify 
the diabetic metabolic pattern of adipose tissue incubated with 
pyruvate-2-C“. Furthermore, addition in vitro of cortisol did 
not alter any of the measured parameters in both types of tis- 
sues. 

Insulin Sensitivity of Adipose Tissue from Normal and Adrenal- 
ectomized Animals—Table VII summarizes experiments carried 
out in order to compare the sensitivity to insulin of tissues ob- 
tained from ‘paired’? sham-adrenalectomized and adrenalecto- 
mized rats, treated identically with repeated glucose injection, 
as described under ‘‘Materials and Methods.” When glucose- 
6-C" was the substrate, providing for the greatest degree of C¥ 
incorporation into fatty acids, lipogenesis only was measured. 
When uniformly labeled glucose-C“ was the substrate, the 
measurements made included both the oxidation of and the 
lipogenesis from glucose. Increased insulin sensitivity of tissue 
from adrenalectomized animals was not seen. At lower insulin 
concentrations (i.e. no added insulin, 100 and 500 microunits per 
ml, respectively) the tissues from sham-adrenalectomized and 
adrenalectomized animals showed quite similar responses to the 
addition of the hormone. At maximal insulin concentration 
(10° microunits per ml), however, oxidation of and lipogenesis 
from glucose were less in tissues obtained from the adrenalecto- 
mized animals. This lesser response to maximal insulin levels, 
although not clearly understood, might be related to the in- 
creased sensitivity to starvation of the adrenalectomized ani- 
mals. 














TaBLe VI 

Effect in vitro of cortisol upon metabolism of pyruvate-2-C'4 in adipose tissue from diabetic and diabetic-adrenalectomized rats* 

Oxidation of pyruvate carbon to COs | Incorporation of pyruvate carbon into fatty acids 
Groups of animals = 
Control Cortisol | Control Cortisol 
—— 
Diabetic 5 1.65 + 0.06t 1.76 + 0.16 | 0.13 + 0.03 0.14 + 0.05 
-  Diabetic-adrenalectomized 5 1.88 + 0.05 | 1.91 + 0.14 | 0.09 + 0.05 0.12 + 0.07 








* All values expressed as wmoles of carbon 2 of pyruvate-2-C" per mg of tissue nitrogen. 


bicarbonate buffer containing 40 mm pyruvate. 
+ Mean + standard error of mean. 


Incubation carried out for 3 hours in Krebs- 


Cortisol concentration, when present, 30 ug per ml. 
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TaBLe VII 
Insulin sensitivity of adipose tissue from ‘‘paired’’* sham-adrenalectomized and adrenalectomized ratst 
Oxidation of glucose carbon to CO or incorporation into fag A acids at the following 
No. of concentration of insulin (in microunits/ml) 
Parameter measured Group of animals experi- 
ments 
0 102 5X 102 | 108 
Glucose-6-C™ 
Lipogenesis Sham 6 0.22 + 0.03f 1.42 + 0.47 3.19 + 0.60 
Lipogenesis Adrenalectomized 6 0.10 + 0.03 1.12 + 0.48 1.64 + 0.10 
Uniformly labeled glucose-C' 
Oxidation Sham 4 4.87 + 1.50 6.68 + 1.85 8.95 + 0.65 17.79 + 2.99 
Oxidation Adrenalectomized 4 3.72 + 0.08 5.25 + 0.38 9.15 + 0.83 10.05 + 0.23 
Lipogenesis Sham 4 2.11 + 1.01 4.15 + 1.58 5.64 + 1.61 14.43 + 4.66 
Lipogenesis Adrenalectomized 4 1.11 + 0.18 2.08 + 0.22 4.80 + 0.23 5.74 + 0.33 




















* See description under ‘‘Materials and Methods.”’ 


+ Comparison carried out in the same animal (4 pieces of adipose tissue from each animal). 


All values expressed as umoles of glucose 


carbon metabolized per mg of tissue nitrogen. Incubation carried out for 3 hours in Krebs-bicarbonate buffer containing 20 mm glucose. 


t Mean + standard error of the mean. 


Taste VIII 


Effect of corticosterone (B) and cortisol (F) added in vitro upon net 
release of nonesterified fatty acid from rat adipose tissue* 




















No, | fatty seid release | Steroid 
0. latty acid re Steroid- 
Animal groups a x4 pox waa 
mals I: Il: Ii-I 
Control |+Steroid 
At -g peq/mg Nz 
Normal fed ad libitum B 6 0.53¢ | 1.22 | +0.70 
Normal fed ad libitum F 5 0.29 1.02 | +0.73 
Normal 24 hr fast B 6 2.41 3.40 | +0.99 
Normal 24 hr fast F 6 1.47 2.89 | +1.42 
Normal tube-fed{ B 5 1.20 2.05 | +0.85 
Sham-adrenalectomized B 4 0.92 1.24 | +0.32 
tube-fed 
Adrenalectomized tube- | B 5 0.24 1.65 | +1.41 
fed 
Normal tube-fed + 24 hr} B 6 2.87 4.10 | +1.23 
fast 
Sham-adrenalectomized B 4 2.51 3.57 | +1.06 
tube-fed + 24 hr fast 
Adrenalectomized tube- | B 6 2.00 2.78 | +0.78 
fed + 24 hr fast 
Mean of total group 53 1.46 2.46 | +1.00 
Standard errors +0.30 (40.35 | 40.11 

















Significance (II against I): ¢ = 4.20 n = 53 p = <0.001 





* Comparison carried out in the same animal (2 pieces adipose 
tissue foreach animal). Corticosterone or cortisol concentration: 
30 wg per ml. Values expressed as net release (in weq) per flask 
and per mg of tissue nitrogen. Incubation carried out for 3 hours 
in a 5% albumin-Krebs-bicarbonate buffer containing 5 mm glu- 
cose. 

+ Mean of values. 

t Tube feeding technique see under materials and methods. 


Effect of Corticosterone and Cortisol Added in Vitro upon Release 
of Nonesterified Fatty Acids—Table VIII illustrates the effects of 
corticosterone and cortisol upon the net release of nonesterified 
fatty acids from adipose tissue obtained from normal and adre- 
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nalectomized rats fed ad libitum, or fasted for 24 hours after ad 
libitum feeding, or tube-fed 5 days before the experiments, with 
or without an additional 24-hour period of fasting. In these 
experiments two pieces of tissue were used per animal. One was 
incubated in the presence of 1.25 mg of ethanol per ml, the other 
in the presence of 30 ug of corticosterone or cortisol per ml and 
1.25 mg of ethanol per ml. Although some of the groups are 
small, and although a detailed analysis does not seem warranted 
at this stage, a few statements can be made and documented. 
Firstly, net nonesterified fatty acids release was consistently 
greater when tissues obtained from fasting animals were used, 
being on the average 4 to 5 times greater than the “fed” values. 
Secondly, this response to fasting was similar for tissues obtained 
from normal and from adrenalectomized rats. Thirdly, and 
most important, the presence in vitro of corticosterone and cortisol 
was associated, highly consistently, with accelerated nonesterified 


TaBLe IX 


Effect of cortisol and deoxycorticosterone added in vitro upon the net 
release of nonesterified fatty acid from rat adipose tissue* 








Net 
Steroid added e.g. "fatty acid ieee” yaaa 
re. 

peq/mg Ne 

I: none 12 0.45f 
II: cortisol, 3 ug/ml 12 0.98 0.53 + 0.13 
III: cortisol, 30 ng/ml 12 2.70 2.25 + 0.32 
IV: deoxycorticosterone, 12 1.51 1.06 + 0.22 

30 ug/ml 














* Comparisons carried out in the same animal (4 pieces of adi- 
pose tissue for each animal). Values expressed as net release (in 
weq) per mg of tissue nitrogen. Incubation carried out for 3 hours 
in a 5% albumin-Krebs-bicarbonate buffer containing 5 mm glu- 
cose. 

+ Analysis of variance: all values p < 0.001. 


t: tests II against I t=4.10 p <0.002 
III against I 7.02 <0.001 
IV against I 4.70 <0.001 
III against II 5.40 <0.001 
III against IV 3.17 <0.01 
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fatty acids release. The statistical significance of this observa- 
tion, under the conditions used, appears solidly established. The 
data presented in Table IX further demonstrates the existence 
of a relationship between cortisol concentration and the magni- 
tude of nonesterified fatty acids release. In addition, however, 
it suggests that the cortisol effect upon nonesterified fatty acids 
release in vitro may be specific only in part for steroids with gluco- 
corticoid activity, since deoxycorticosterone was also effective, 
although to a lesser extent. The lower cortisol concentration 
used still exceeds the levels existing in normal human plasma by 
one order of magnitude. 


DISCUSSION 


The nature of the glucocorticoid effect upon lipogenesis in vivo 
is, as yet, controversial. Whereas Welt and Wilhelmi (1) ob- 
served decreased incorporation of deuterium from body water 
into both carcass and liver fatty acids of animals with increased 
adrenal cortical activity, studies such as those of Hausberger 
(18, 19) suggest the presence of increased lipogenetic activity in 
cortisone treated guinea pigs and rats. The most likely reason 
for this discrepancy is the occurrence of counter regulatory events 
in the intact organism, such as glucocorticoid-induced changes 
in the secretion of insulin. However, the observation made in 
vitro by Brady et al. (5), that adrenal cortical activity clearly 
alters lipogenesis by liver slices from pancreatectomized cats, sug- 
gested the existence of a direct glucocorticoid action upon hepatic 
lipogenesis, the major effect being an inhibitory one. Whether 
the glucocorticoid effect was a primary one upon lipogenesis per 
se, or one mediated by the effects of the hormone upon other 
hepatic metabolic activities could not be answered. Accordingly, 
it is of interest to find that, in adipose tissue, altered adrenal 
cortical activity failed to influence lipogenesis by tissue from 
diabetic animals, even when the same animals exhibited the ap- 
propriate changes in hepatic lipogenesis. If the pathways of 
fatty acid synthesis are the same in liver and in adipose tissue, 
these results suggest that adrenal cortical activity does not 
primarily influence lipogenesis per se, but rather that their effects 
upon hepatic lipogenesis may be secondary to other hepatic 
metabolic effects (such as increased gluconeogenesis, a metabolic 
event which might well compete with lipogenesis for both carbon 
and reduced pyridine nucleotides). It is possible also that the 
different response of the two tissues is related to the likely dif- 
ferences in permeability of adipose tissue and liver cells to sub- 
strates such as glucose and pyruvate, although it is not known 
whether such differences for pyruvate do or do not exist. 

In nondiabetic animals, altered glucocorticoid activity ap- 
peared to affect adipose tissue lipogenesis somewhat erratically. 
In general, when the feeding program was not controlled, adre- 
nalectomy resulted in decreased lipogenesis by subsequently 
isolated adipose tissue, while the reverse was true when attempts 
were made to observe “paired” conditions of food intake. Since 
endocrine manipulations may alter basal fuel requirements as 
well as rates of energy expenditure and food intake, perfect condi- 
tions for “paired” comparisons are rarely achieved. When 
further considering the sensitivity of adipose tissue lipogenesis 
to fasting, demonstrated in these studies (Table II), it becomes 
evident that only highly consistent and qualitatively major 
changes are likely to be indicative of effects of a truly hormonal 
nature. Accordingly, the authors would conclude, although 
tentatively, that the studies reported here failed to establish 
direct glucocorticoid effects of significance upon lipogenesis by 
rat adipose tissue. 
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Similarly, the results shown in Table VII do not suggest the 
existence of significant adrenal cortical effects upon the sensi- 
tivity of adipose tissue to insulin. Insulin effects occurred at 
about the same concentration in tissue from both normal and 
adrenalectomized animals, while the failure to reach the same 
level of activity with maximal insulin stimulation, although un- 
explained, may well again be related to nutritional factors. No 
antagonism between cortisol and insulin was observed, when 
both hormones were added in vitro, and this was true in tissues 
from normal, adrenalectomized, and adrenalectomized-diabetic 
animals. 

The studies concerned with adrenal cortical effects upon lipo- 
genesis thus are best interpreted as failing to substantiate the 
existence of a primary glucocorticoid effect of real significance 
upon lipogenesis by rat adipose tissue. This negative conclusion 
is, of necessity, valid only for the conditions employed, and the 
authors are well aware of the limitations imposed upon negative 
interpretations. 

Finally, the findings concerning the release of nonesterified fatty 
acids by adipose tissue warrant some discussion. Corticosterone 
and cortisol, added in vitro, significantly stimulated nonesterified 
fatty acids release into medium containing albumin freed of fatty 
acids by isooctane extraction. This stimulation occurred in 
tissues from fed as well as from fasted, and from normal as well 
as from adrenalectomized animals. The mean steroid-induced 
increment of nonesterified fatty acids release was of the order of 
magnitude of 70% of the control values. The biologic sig- 
nificance of this effect must as yet remain in doubt, since the 
steroid concentrations used were greater than those present in 
biologic fluids such as plasma, and since steroids with low over-all 
glucocorticoid activity such as deoxycorticosterone were also 
effective, albeit to a lesser extent. However, it should be pointed 
out that physiological corollaries of this effect of glucocorticoids 
upon nonesterified fatty acid release have been established in 
vivo. Thus Scow et al. (20), in pancreatectomized rats, and 
Gillman et al. (21), in pancreatectomized baboons, have estab- 
lished the existence of major adrenal cortical effects upon lipid 
mobilization and ketogenesis. The inverse effects described by 
Levy and Ramey (22) were obtained in animals with intact 
pancreas and do not rule out the counter-regulatory nature of 
the effects observed. 


SUMMARY 


The effects of adrenalectomy and of glucocorticoid administra- 
tion in vivo and in vitro have been studied in isolated rat adipose 
tissue. 

The metabolism of pyruvate-2-C" and of glucose-(uniformly 
labeled-C™, 1-C"*, or 6-C'*) to CO. and fatty acids was similar 
in tissues obtained from adrenalectomized and normal rats, 
whenever comparable nutritional conditions had been achieved. 
Adrenalectomy superimposed upon alloxan diabetes did not 
modify the metabolic pattern characteristic of diabetes. Tissues 
obtained from adrenalectomized rats were not unusually sensi- 
tive to insulin added in vitro. 

Cortisol or corticosterone failed to influence oxidation of, or 
lipogenesis from glucose or pyruvate when added in vitro at the 
concentration of 30 ug per ml. The response of adipose tissue 
to insulin added in vitro was not altered by the further addition 
of cortisol. 

The presence of cortisol, corticosterone or deoxycorticosterone 
in the medium significantly increased the net release of free fatty 
acids from adipose tissue. The effect of cortisol was greater at 
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the concentration of 30 than at that of 3 ug per ml. The effect 
of deoxycorticosterone, although present, was less marked. 
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In a previous paper (5) it has been shown that there are a 
number of metabolic concomitants to the engulfment of rela- 
tively large particles by leukocytes obtained from peritoneal 
exudates of guinea pigs. For example, phagocytosis was shown 
to be accompanied under various conditions by significant in- 
creases in oxygen uptake, glycogen breakdown, glucose utiliza- 
tion, and lactate production. The ratio of glucose carbon 1 to 
glucose carbon 6 which appeared in the respiratory CO, increased 
from a value of 8 for cells at rest to 22 when particles were in- 
gested. Studies with a number of metabolic inhibitors yielded 
evidence that glycolysis was essential for phagocytosis, and that 
the increment in oxygen uptake and appearance of glucose car- 
bon 1 as CO: were not cytochrome-linked. 

In view of the apparent increase in the metabolism of glucose 
via the direct oxidative pathway during phagocytosis, the im- 
plication of the hexose monophosphate shunt in fatty acid syn- 
thesis (6-8), and observations with the electron microscope 
concerning the involvement of the lipid-rich cell membrane in par- 
ticle uptake (9), a study has been made of the influence of phago- 
cytosis on the incorporation of labeled building blocks into 
leukocytic lipids. Some data have also been obtained on changes 
in the incorporation of uniformly labeled p-glucose-C™ into 
glycogen, and uniformly labeled t-leucine-C™ into protein during 
the phagocytic event, in order to determine whether changes in 
lipid biosynthesis during phagocytosis were reflections of general 
alterations in cellular metabolism, or were more specific. 


METHODS AND MATERIALS 


The general experimental approach has been described in de- 
tail in a previous paper (5). Guinea pigs weighing 300 to 400 
g were used in all experiments. Suspensions rich in polymorpho- 
nuclear leukocytes were obtained from the peritoneal cavity by 
the injection of a 12% solution of sodium caseinate 16 to 18 
hours before the experiment. The cells were then washed out 
of the peritoneum with heparinized 0.9% sodium chloride solu- 
tion, centrifuged at 60 X g, and suspended briefly in Krebs- 


* This work was supported in part by a contract with the 
Atomic Energy Commission and by a grant from the National 
Institute of Allergy and Infectious Disease of the National In- 
stitutes of Health, United States Public Health Service. It was 
also supported by the Eugene Higgins Trust through Harvard 
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sented (1-4). 

¢ Present address, Department of Pathology and Medical Re- 
search, St. Margaret’s Hospital, Boston 25, Massachusetts. 


Ringer medium lacking phosphate. The amount of cellular ma- 
terial in this suspension was determined by measurement of the 
total cellular phosphorus (10). Phosphate was then added to 
the suspension so that the leukocytes were finally suspended in 
the usual Krebs-Ringer media, buffered at pH 7.4. 

Inert Particles—As before (5), the two types of inert particles 
used were polystyrene latex spherules, usually 1.171 yu in diameter, 
and insoluble starch granules of Amaranthus cruenthus (11). 
These were suspended in the buffered medium. The authors 
are deeply indebted to Dr. J. W. Vanderhoff and the Dow 
Chemical Company for a generous supply of polystyrene parti- 
cles, and to the Northern Regional Research Laboratories for a 
gift of starch particles. In studies on lipid biosynthesis, starch 
particles were preferred since they did not interfere with the 
extraction and purification of the leukocytic lipids. 

Radioactive Substrates—Uniformly labeled p-glucose-C™ was 
procured from the Nuclear-Chicago Instrument and Chemical 
Company, Chicago, Illinois. Acetate-1-C was obtained from 
the New England Nuclear Corporation, Boston, Massachusetts. 
P® was obtained as inorganic orthophosphate from Oak Ridge, 
and uniformly labeled t-leucine-C™ was procured from Schwarz 
Bio Research, Inc., Mount Vernon, New York. 

Phagocytosis-promoting Factors—Fresh guinea pig serum or the 
“phagocytosis-promoting factor” of Tullis and Surgenor (12) were 
used in order to obtain maximal phagocytosis (5) when starch 
particles were to be engulfed. When polystyrene particles were 
offered to the leukocytes, no serum factors were needed (5). 
The authors are indebted to Dr. J. Tullis and Dr. D. Surgenor 
of the Protein Foundation for a gift of the factor mentioned. 


EXPERIMENTAL PROCEDURE 


The phagocytosis experiments were carried out in Warburg 
flasks at 37° in the following way: the main compartment con- 
tained 1 ml of leukocytic suspension (approximately 5.5 x 10 
cells; 100 wg of cellular phosphorus); 0.5 ml of fresh homologous 
guinea pig serum or phagocytosis-promoting factor (268 yg of 
protein N in 0.2 ml of medium); and 0.2 ml of glucose (30 umoles). 
The final volume in the main compartment was brought to 2.6 
ml. In experiments with acetate-1-C', approximately 24 umoles 
of sodium acetate (about 5 uc) were placed in the side arm in 
0.2 ml of medium and the glucose concentration reduced to 10 
pmoles per flask. If uniformly labeled glucose-C™ was the la- 
beled substrate, 5 uc of this substance replaced the acetate, and 
the final glucose concentration, labeled and unlabeled, was 30 
umoles per flask. Where the labeled precursor was inorgani¢ 
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phosphate-P®, this was placed in the side arm at a level of 3 to 5 
ye, in 0.2 ml of medium. In the case of experiments with L- 
jeucine-C™, this substance was placed in the side arm at a level 
of 1 mg (1 we) in 0.2 ml of medium. The side arm also contained 
0.2 ml of particles (5 to 10 mg; about 1 to 2 X 10° particles in 
the case of polystyrene or about 2.5 to 5 X 10® particles in the 
case of starch). In the control flasks containing resting cells, 
the side arm contained 0.2 ml of medium instead of particles. 
Where metabolic inhibitors were used, these were also placed 
in the side arm. The center well contained 0.2 ml of 20% KOH 
solution and a filter paper fan. After equilibration of the flasks, 
the side arms were tipped, and the cells were allowed to incubate 
for 30 minutes. 

Extraction and Counting of Lipids—Phagocytosis was stopped 
by adding 0.5 ml of 0.1 m iodoacetate to each flask and imme- 
diately transferring the contents into a chilled 16 X 150 mm 
glass Potter-Elvehjem tissue homogenizer. A suitable amount of 
particles was added to the control flasks. In order to have 
adequate amounts of lipid, the contents of three flasks were 
collected into one homogenizing tube. The cells were then cen- 
trifuged at 60 xX g for 5 minutes and carefully washed twice 
with about 10 ml of 0.9% sodium chloride solution. If the 
gravitational field was not kept to a minimum consistent with 
full recovery of cells, it was found that cells which had ingested 
particles were liable to disrupt. The extraction of lipid and 
washing to remove nonlipid contaminants were carried out es- 
sentially according to the method of Folch e¢ al. (13). In experi- 
ments with phosphate-P®, 0.1% nonradioactive potassium phos- 
phate was included in the washing fluid to facilitate the removal 
of extraneous radioactivity, instead of the calcium chloride which 
is usually included (13). Four washes were routinely performed 
after the initial partitioning of the chloroform and aqueous- 
methanol phases. After the final washing, the lower phase was 
evaporated to dryness under nitrogen in a water bath (50 to 60°). 
The residue was taken up in 5 ml of chloroform-methanol, filtered 
through a fluted filter paper into a 5-ml volumetric flask, and 
brought to volume. Of this solution, 1 ml was removed for 
phosphorus analysis and 3 ml were placed in a 12-ml centrifuge 
tube and again evaporated to dryness at 50 to 60° under nitrogen. 
The residue obtained was transferred in chloroform to tared 
stainless steel planchets containing a disk of lens paper. Com- 
plete transfer from the centrifuge tube was ensured by washing 
the tube five times with small aliquots of chloroform and trans- 
ferring these to the planchet. The solvent was evaporated under 
a heat lamp and the planchets placed overnight in a vacuum 
desiccator over CaCl, and flaked paraffin wax. The planchets 
were weighed again and all radioactive measurements were 
carried out as previously described (14). The specific activity 
of the lipids was expressed either as c.p.m. per mg lipid, or as 
cpm. per 100 wg lipid phosphorus. The results for the com- 
parison of resting and phagocytizing cells were similar with both 
modes of expression. Data calculated on the basis of lipid 
phosphorus were, however, more consistent than those expressed 
on the basis of lipid weight, and the data presented here were 
calculated on the former basis. 

Extraction and Counting of Glycogen—Glycogen was isolated 
and hydrolyzed to glucose by the method of Good et al. (15). 
The glucose was determined (16), carrier was added, and the 
glucosazone was made. This was recrystallized and counted as 
previously described (14). 

Isolation and Counting of Proteins—Protein was isolated as has 
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been described for leukocytes by Baker et al. (17), suspended in 
acetone, determined against a serum albumin standard by the 
method of Lowry e¢ al. (18), and plated and counted (14). 

Subcellular Fractions—In experiments to examine the effect of 
phagocytosis on the incorporation of phosphate-P® into the lip- 
ids of subcellular fractions, the peritoneal exudates from 8 to 10 
animals were prepared, combined, and divided into two different 
50-ml Erlenmeyer flasks. Glucose, fresh guinea pig serum, me- 
dium, and phosphate-P* were added to each flask at concen- 
trations identical to those in respirometric experiments. The 
total final volume in the flasks was 15 ml. The flasks were 
placed in a Dubnoff metabolic shaker at 37°. After incubation 
for 5 minutes, particles (starch, 50 mg in suspension in 1 ml of 
medium) were added to one flask and an equal volume of medium 
to the other. Phagocytosis was stopped at the end of a 30- 
minute incubation period by addition of 2.5 ml of a 0.1 m solu- 
tion of iodoacetate. After an additional 1-minute incubation 
period, particles were added to the control flask containing rest- 
ing cells and medium was added to the flask containing cells 
which had previously phagocytized starch. The contents of each 
flask were transferred to 50-ml centrifuge tubes and were cen- 
trifuged at 60 x g for 5 minutes and washed twice by resuspen- 
sion in Krebs-Ringer medium and centrifuging. The pellet 
obtained was brought to a 5-ml volume with 0.25 m sucrose con- 
taining CaCl, (0.0018 m) (19). This suspension was transferred 
to a glass tissue grinder with a Teflon plunger and was homoge- 
nized in an ice bath for 1 minute. Differential centrifugation of 
the homogenate was performed as described by Hogeboom (19), 
and the lipids were extracted from each fraction obtained. The 
final supernatant fraction was centrifuged at 32,000 x g for 60 
minutes. Since no pellet was observed, the whole suspension 
was dialyzed overnight in the refrigerator against 0.9% sodium 
chloride solution. The resultant suspension was evaporated to 
dryness at 50 to 60° in a rotary evaporator under reduced pres- 
sure, and subjected to extraction with chloroform-methanol to 
obtain the lipids. 


RESULTS! 


Effect of Phagocytosis on Incorporation of Radioactivity 
into Leukocytic Lipids 
Experiments with Krebs-Ringer Phosphate Medium—The in- 
corporation of acetate-C™ into the lipids of white cells in the 


1 In order to provide a convenient mode of comparison of spe- 
cific activities of substances obtained from phagocytizing cells 
with those from resting cells, the results for resting cells in each 
experiment were set at 100, and those for phagocytizing cells 
were thus expressed as a percentage of the control (resting) 
values. This eliminated, to a considerable degree, differences 
between various batches of cells. Further, where several repe- 
titions of an experiment were necessary, the statistical treatment 
was thus kept simple. In order to provide information on the 
levels of activity actually incorporated, the following repre- 
sentative data for resting cells are given. Under aerobic con- 
ditions, in phosphate medium, the addition of 1 X 10® c.p.m. 
per flask (see ‘‘Experimental’’) yielded lipid of specific activities 
(c.p.m. per 100 yg of lipid phosphorus) as follows: for acetate- 
C14, 300; for glucose-C™, 320; for phosphate-P*?, 60. Under ana- 
erobic conditions these values were: for acetate, 110; for glu- 
cose, 620; and for phosphate, 40. Under aerobic conditions in 
phosphate-buffered medium addition of 1 X 10° c.p.m. per flask 
as glucose yielded glycogen counting 1900 c.p.m. per mg. In 
the case of L-leucine under these conditions, leukocytic protein 
was obtained with a count of 550 c.p.m. per mg. 
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TaBLeE I 
Effect of phagocytosis on specific activities of leukocytic lipids* 











Substrate 
Conditions Acetate-1-cu | Unifcrmly labeled |  Phosphate-P# 
Aerobic Be Aerobic bo ~~ Aerobic | Anaerobic 





Resting cells...| 100f 100 100 100 100 100 


Phagocytizing 

cells.........|115 + 1/149 + 5)142 + 16) 97 + 9 |182 + 14/208 + 12 
Number of ex- 

periments...| 19 11 2 2 5 2 
 ppadetps'leapiceeys <0.001|<0.001 <0.01 























* Experiments were performed in Krebs-Ringer phosphate 
medium under air or in a system flushed with pure nitrogen. 

¢ The values for resting cells were set at 100 in each experiment, 
and those during phagocytosis expressed as a percentage of the 
control value in that experiment. The comparison of values ob- 
tained with resting cells under different conditions is given in the 
text. 

{ Where more than 2 experiments were performed, the mean 
and standard error of the mean are given, and p has the usual 
connotation as an indication of probability. Where only 2 ex- 
periments were performed, the average value and range are given. 


TaBLeE II 


Effect of medium on incorporation of acetate-1-C'4 into lipids 
of resting or phagocytizing cells* 























Medium 
Phosphate Bicarbonate 
Particles Particles 
~ + ~ + 
cl ree ee 100¢ | 108 + 1| 8&+4/80+3 
7 RE tg BES a ren bea <0.02 >0.3 





* Three experiments were carried out under aerobic conditions. 
Experiments in phosphate medium were performed in an air 
atmosphere, those in bicarbonate medium in an atmosphere of 
95% air, 5% CO>. 

+ The values refer to specific activities (s.a.). Values for rest- 
ing cells in phosphate medium were set at 100 in each experiment, 
and all other values expressed as a percentage. 

¢ The mean and standard error of the mean are given, and p 
refers to differences from the results for resting cells. 


absence and presence of particles was studied. Table I shows 
the relative extent of acetate-C' incorporation under aerobic 
conditions in Krebs-Ringer phosphate medium when the cells 
were resting or phagocytizing. It may be seen that a 15% 
increase in the specific activity of the lipids occurred during 
phagocytosis. Since it has been shown that phagocytosis occurs 
under anaerobic conditions (5), it was of interest also to study 
the incorporation of acetate-C" into the leukocytic lipids under 
anaerobic conditions in Krebs-Ringer phosphate medium. It 
may be seen in Table I that the stimulation due to phagocytosis 
was much more pronounced under anaerobic conditions than 
was observed under aerobic conditions. 
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In Table I the values for resting cells in each type of experi- 
ment were set at 100. However, for resting cells, the incorpora- 
tion of acetate-1-C™ into lipids under anaerobic conditions in 
phosphate-buffered medium was only 40% of that observed under 
aerobic conditions. 

When uniformly labeled glucose-C™ was used as a lipid pre- 
cursor under aerobic conditions in a Krebs-Ringer phosphate 
medium, a marked stimulation of incorporation was observed in 
phagocytizing compared with resting cells. (Table I). Under 
anaerobic conditions no such difference between phagocytizing 
and resting cells was noticed. However, incorporation of uni- 
formly labeled glucose-C™ by resting cells under anaerobic con- 
ditions was already 185% of that found for resting cells under 
aerobic conditions. 

Phosphate-P® incorporation into leukocytic lipids of resting 
and phagocytizing cells under aerobic and anaerobic conditions 
in a Krebs-Ringer phosphate medium was investigated, and the 
results of such studies may also be seen in Table I. The extent 
of the stimulation of incorporation of P® into lipids of phago- 
cytizing cells was much greater than in the case of acetate-1-C™ 
or uniformly labeled glucose-C™“, under both aerobic and anaero- 
bic conditions. Under optimal conditions phagocytosis caused 
a doubling of the incorporation of phosphate-P® into leukocytie 
lipids. 

Experiments in Krebs-Ringer Bicarbonate Medium—The effect 
of the medium used was studied only in the case of acetate-1-C™, 
The experiments were repeated as described above except that 
four sets of flasks were incubated simultaneously under aerobic 
conditions, 7.e. cells in phosphate- or bicarbonate-buffered 
medium, with or without particles. Phagocytosis has been 
shown to occur normally in the bicarbonate-buffered medium. 

The results of these experiments under aerobic conditions are 
seen in Table II. It may be noted that the lipids of cells incu- 
bated in the bicarbonate-buffered medium were less active than 
those from cells incubated in the phosphate-buffered medium. 
Further, no increase in lipid specific activity due to phagocytosis 
was observed in the bicarbonate medium. An increased incor- 
poration of acetate-1-C™ into the leukocytic lipids did, however, 
become apparent in cells phagocytizing in bicarbonate-buffered 
medium under anaerobic conditions (Table III). 

Effect of Some Metabolic Inhibitors on Labeling of Lipids— 
Sodium fluoride (2 xX 10-? m) has previously been shown to 
inhibit phagocytosis (5, 20). It was shown to depress incor- 
poration of acetate-1-C" into the lipid of resting cells to 30% of 


TaBLeE III 


Effect of phagocytosis, under anerobic conditions in Krebs-Ringer 
bicarbonate medium containing acetate-1-C14, on specific 
activity of leukocytic lipids* 








Conditions | Specific activity 
ee ee eee 100 
Phagocytizing cells...... a ea} 122 + 6 
Number of experiments......... 4 
Eee? 5 ye op Sa eat meee ht eee <0.05 





* Experiments were carried out in a system flushed with 95% 
nitrogen, 5% CO». The values for resting cells were set at 100 
in each experiment, and those for phagocytizing cells expressed 
as a percentage of the control value in that experiment. The 
mean and standard error of the mean are given. The usual 
connotation applies for p as an indication of probability. 
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normal in phosphate medium under aerobic conditions. The 
addition of particles failed to stimulate incorporation. The effect 
of dinitrophenol (1 X 10-4 mM) was also examined. This sub- 
stance had previously been shown not to affect particle uptake 
(5, 20). It depressed incorporation of acetate-1-C™ in resting 
cells to about half the normal values under the conditions above. 
Phagocytosis caused a slight (10%) increase. The statistical 
significance of this increase was not established. It should be 
noted (Table I) that the increase anticipated in the absence of 
inhibitor was only 15%. When phosphate-P® was the labeled 
precursor in the presence of dinitrophenol, the results in Table IV 
were obtained. It may be noted that although this substance 
depressed incorporation of phosphate-P® into lipids of resting 
cells, phagocytosis caused a stimulation of incorporation of this 
precursor. The increment in labeling is not significantly differ- 
ent from that observed in the absence of the dinitrophenol. 
The stimulation of incorporation of phosphate-P* is less dramatic 
than that reported in Table I. This is due to the fact that the 
experiments of Table IV were performed at an early stage of the 
work, before we appreciated the crucial importance of harvesting 
incubated cells containing particles with low gravitational forces. 

Incorporation of Phosphate-P® into Phosphatides of Various 
Cellular Fractions—The results are reported in Figure 1 of a 
number of experiments to determine whether the various cellular 
fractions differ with respect to the effect of phagocytosis on the 
incorporation of phosphate-P® into lipids. It may be seen that 
the lipids of the fractions which sedimented in the lowest gravi- 
tational fields had the highest specific activities, and that the 
specific activities of the lipids decreased as the fractions were 
recovered at higher centrifugal forces. The ratios for the specific 
activities of the lipids from resting and phagocytizing cells are 
given for each cellular fraction on the diagram. No dramatic 
differences were noted between fractions with respect to the 
extent of stimulation of incorporation of phosphate-P* into leuko- 
eytic lipids by phagocytosis. The specific activity of the whole 
lipid calculated from the specific activities of each fraction and 
the proportion of the total lipid contributed by that fraction 
agreed closely with the measured specific activity of the total 
lipid (within 5%). 


Effect of Phagocytosis on Incorporation of t-leucine-C™ into Proteins 
Measurements were made of the influence of phagocytosis on 
the incorporation of L-leucine into the proteins of cells at rest or 


TaBLE IV 
Effect of dinitrophenol (1 X 10-4 m) on specific activity of lipids of 




















resting and phagocytizing cells exposed to phosphate-P* 
Particles 
Inhibitor Oteer- | gts 
- a 
| ee ee eee 100f 121428] 13 0.02 
1 X 10-4 dinitrophenol. .| 88 + 5 | 107 + 6 9 | <0.05 
OREO RI e <0.05 >0.2 





+ The results refer to experiments under aerobic conditions in 
phosphate buffer. The values for the resting cells in the absence 
of dinitrophenol are set at 100 for each experiment, and the other 
values expressed as a percentage. 

* The usual connotation applies for p as a probability value and 
is given for differences due to the inhibitor (vertical arrow) and 
for the phagocytic process (horizontal arrow). 
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Fig. 1. Effect of phagocytosis on the specific activities of lipids 
extracted from fractions of leukocytes obtained by differential 
centrifugation. See text for details of cell fractionation. The 
mean values of four experiments are given. All results are ex- 
pressed as a percentage of the values for the specific activity 
of the lipids of whole resting cells in each experiment. Only 
in the case of the final fraction (supernatant fluid) was there 
overlap of the ranges of values for fractions from resting and 
phagocytizing cells. In this final fraction the amount of lipid 
recovered was very small and the results are only approximate. 
For all other fractions the average deviation from the mean was 
+ 10%. The ratios of the specific activities of lipids from phago- 
cytizing cells to those from resting cells are given. 


TABLE V 


Effect of phagocytosis on specific activity of proteins of polymorpho- 
nuclear leukocytes exposed to L-leucine-C'4 








Conditions Specific activity* —- ? 
MEMUGS GOONS: .... 0222, e 100 6 
Starch particles and serum 
SBE MA RE 84.3 + 3.6 6 <0.01 
Polystyrene particles added, 
np MeTUMAl. cise. ondcbagin 102.5 + 5.7 6 >0.5 














* The activity is expressed as a percentage of the activity 
(c.p.m. per mg) of the proteins of resting cells for each experi- 
ment. The usual probability value is shown by p. 


in the process of phagocytizing particles. The data are presented 
in Table V. It may be seen that where starch particles were 
used, there was an apparent decrease in the incorporation of 
L-leucine-C“ into the cellular proteins during phagocytosis. 
With polystyrene particles no change in this incorporation oc- 
curred. It should be noted that for successful phagocytosis of 
starch particles it is necessary to include serum proteins in the 
medium (5), whereas these factors are not required for the uptake 
of polystyrene particles. The effect observed in the case of the 
engulfment of starch is believed to be due to the entry of un- 
labeled serum proteins into the cells with the particles with 
consequent lowering of the specific activity of the proteins 
finally isolated. Similar effects have been noted in the case of 
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other substances in the medium, especially large molecules, 
which do not enter resting cells significantly but appear to be 
introduced into the leukocytes with the particles. Data on this 
phenomenon will be reported in a later paper. In the experi- 
ments reported here it was established that the concentration of 
L-leucine was not limiting. The proteins of resting cells exposed 
to 3 times the leucine level normally used had a specific activity 
identical to that of proteins from cells incubated at the usual 
level (1 mg/3 ml), or one-half the usual level of t-leucine-C™. 
In a number of experiments, the appearance of glucose or acetate 
carbon in the leukocytic proteins was studied as a function of 
phagocytosis. This phenomenon caused a marked diminution 
in the specific activity of the proteins to values about two-thirds 
of those obtained with resting cells exposed to acetate-1-C™ or 
uniformly labeled glucose-C™. 

Incorporation of Uniformly Labeled Glucose-C“ into Glycogen 
during Phagocytosis—The incorporation of uniformly labeled 
glucose-C“ carbon into glycogen was depressed during phago- 
cytosis to a level of 80% of that of resting cells (p < 0.05). 
For example, in one series of experiments with polystyrene 
particles, the glycogen of resting cells had a specific activity of 
340 + 40 c.p.m. per umole glycogen-glucose. In phagocytizing 
cells this entity had a specific activity of 265 + 39¢c.p.m. Under 
the conditions employed (Krebs-Ringer phosphate medium, air 
atmosphere), the amounts of glycogen recovered from resting or 
phagocytizing cells were not significantly different (5). 


DISCUSSION 


With each of the labeled substrates used in the present experi- 
ments, an increased incorporation of label into the lipids of 
phagocytizing cells, as opposed to resting cells, could be demon- 
strated. This was true under both aerobic and anaerobic 
conditions, with two exceptions. Incorporation of uniformly 
labeled glucose-C™ carbon into lipids of resting cells under an- 
aerobic conditions was considerably greater than under aerobic 
conditions, and may already have been maximal, so that phago- 
cytosis had no effect. The decreased incorporation of labeled 
acetate carbon into leukocytic lipids in bicarbonate medium, and 
the failure of phagocytosis to stimulate labeling under aerobic 
conditions are not yet explained. In this medium under anaero- 
bic condition, however, phagocytosis caused a marked stimula- 
tion of incorporation of acetate carbon into lipids. Phosphate- 
P® incorporation into lipids was stimulated more dramatically 
by phagocytosis than was the incorporation of the C of acetate 
or glucose, suggesting that phosphatides are more specifically 
involved in the process than are neutral lipids. 

Experiments with two metabolic inhibitors increased confi- 
dence in the correlation of enhanced labeling of leukocytic lipids 
with particle uptake. Fluoride, which inhibits phagocytosis (5, 
20), prevented an increase in the labeling of leukocytic lipids 
when the cells were incubated with particles. Dinitrophenol, 
at the concentration used (1 X 10-4 m) inhibited the incorpora- 
tion of phosphate-P®* into the lipids of the cells, but did permit 
phagocytosis (5, 20) and that increment in the labeling of leuko- 
cytic lipids which normally accompanies particle uptake. 

An increased labeling of lipids during phagocytosis has now 
been observed in this laboratory with acetate-1-C“, uniformly 
labeled glucose-C™, and phosphate-P®, and by Elsbach (21) with 
acetate-1-C" and rabbit leukocytes, with heat-killed streptococci 
as particles. In Elsbach’s experiments (21) the neutral lipids 
were more active (specific activity) than the phosphatides by a 
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factor of 2.5, when these fractions were compared on a weight 
basis. In our experiments it was found that where acetate-1-C™ 
was the precursor and the neutral lipids and phosphatides were 
separated on a silicic acid column, the neutral lipids were 1.25 to 
1.50 times as active as the phosphatides, calculated per equivalent 
of esterified fatty acid (22). The agreement between the obser- 
vations of Elsbach and those reported here, with cells from 
different species and different particles, is thus satisfactory. 

As was mentioned in the introduction, the increased metabo- 
lism of glucose via the direct oxidative pathway raised the ques- 
tion of whether increased lipid synthesis occurs during uptake of 
particles (6-8). The fact that cellular membrane was found to 
be internalized, as observed with the electron microscope in our 
studies and those of others (9) raised the question of the replace- 
ment of membrane components by the phagocytizing cells. It 
has been shown here that increased incorporation of labeled 
precursors into lipids may be added to the list of metabolic 
concomitants of phagocytosis. The relevance of this observation 
to the membrane remains to be established, as is discussed below. 

Net synthesis of lipid during phagocytosis was not detected in 
this laboratory nor in that of Elsbach (21). This may, however, 
be due to inadequately sensitive or precise isolation and estima- 
tion methods. Calculations of the possible net increase in leuko- 
cytic lipids, made from the data on the increase in incorporation 
of acetate-C™ activity during phagocytosis, indicate that this 
would escape detection in our experiments. Again, the failure 
to note net increase in lipids may be a reflection of the breakdown 
of lipid-rich membrane surrounding ingested particles. The 
breakdown of membrane internalized during phagocytosis has 
been observed (9), and is perhaps not unlike the breakdown 
schematically described by Bennet (23) for the phenomenon of 
pinocytosis. The change in permeability of the internalized 
membrane in pinocytotic vacuoles of the amoeba, observed by 
Holter (24), may also reflect a phase of membrane breakdown. 

Further, a possible cause of the increased incorporation of label 
into leukocytic lipids during phagocytosis might be increased 
penetration of labeled precursors into the cells during the process 
of particle ingestion. The specific activities of the precursor 
pools might thus be increased in cells engulfing particles com- 
pared with those at rest. The metabolic events associated with 
phagocytosis, e.g. increased glycolysis or increased direct oxida- 
tive utilization of glucose, might also be responsible for altera- 
tions, particularly with respect to increased specific activity, of 
the pools of lipid precursors. The enhancement of the specific 
activity of lipids which accompanies phagocytosis could con- 
ceivably reflect such changes, without any increased turnover or 
net synthesis of lipids. 

The observations with respect to the effect of phagocytosis on 
the specific activity of leukocytic lipids are, however, probably 
not a result of general metabolic stimulation, since the incorpora- 
tion of glucose-C™ into glycogen, and of glucose-C™“ carbon, 
acetate-C™ carbon, or L-leucine-C™ into protein are not increased 
during phagocytosis. It might be supposed that stimulation of 
the incorporation of radioactivity into cellular membrane during 
phagocytosis should be detected as an increased labeling of both 
lipid and protein moieties. However, much of the lipid, partic- 
ularly phosphatide, of the cells studied here is associated with 
membranous structures (25), whereas the proportion of total 
cellular protein associated with membranes is presumably rela- 
tively small. Increased labeling of membrane protein during 
phagocytosis might thus be obscured. 
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The exact basis for the phenomenon reported here, the nature 
of the lipids, particularly phosphatides, affected by phagocytosis, 
and their precise location in the cell remain to be determined. 
It is of considerable interest to note that Hokin and Hokin (26), 
in a comprehensive series of reports, have demonstrated in- 
creased incorporation of phosphate-P* into specific phosphatides 
of a large number of tissues when these were stimulated to secrete 
various substances (e.g. zymogen granule secretion in the pan- 
creas). It is possible that the passage of particles into or out of 
cells may have common characteristics with respect to changes 
in the metabolism of membranous components, particularly 
lipid substances in this case. 


SUMMARY 


The incorporation of labeled precursors into lipids has been 
studied with polymorphonuclear leukocytes. It was found that 
acetate-1-C'4, uniformly labeled glucose-C“, and phosphate-P* 
are incorporated into the lipids of phagocytizing cells to a 
greater extent than into the lipids of resting cells. Increased 
incorporation in phagocytizing cells was found to occur under 
aerobic and anaerobic conditions. 

The lipids of all subcellular fractions prepared from phago- 
cytizing cells showed greater incorporation of phosphate-P® than 
similar fractions from resting cells. The phosphatides of the 
most dense fractions contained 90% of the lipid phosphorus and 
had the highest specific activities. 

Incorporation of L-leucine-C* into total cellular proteins and 
uniformly labeled glucose-C“ carbon into glycogen were not 
increased by phagocytosis. The phenomena observed are con- 
sidered in relation to the involvement of the cellular membrane 


in phagocytosis. 
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Thyroid hormone inhibitors are for the most part nonselective, 
acting primarily to inhibit thyroxine (T,)! formation within the 
thyroid gland itself. One notable exception to this rule, however, 
is the inhibitor n-butyl-4-hydroxy-3 , 5-diiodobenzoate. Wilkin- 
son and Maclagan (1) have suggested that this compound acts 
as an analogue inhibitor, preventing the deiodination of thyrox- 
ine to an active hormone triiodothyronine. This belief is based 
on studies of the O, uptake responses of animals to thyroxine 
and triiodothyronine under the influence of BHD.’ Roche et al. 
(2) have suggested, however, that BHD functions as an anti- 
thyroid substance by virtue of its ability to increase the meta- 
bolic destruction of the thyroid hormone. More recent evidence 
(3) appears to favor the thesis of Wilkinson and Maclagan. 
However, the final role of BHD as an antithyroid compound has 
not been clearly delineated. 

In view of the wide range of thyroid effects it is somewhat 
surprising that BHD has been evaluated as an antithyroid agent 
only with respect to O2 uptake. One interesting relationship 
surprising that BHD has been evaluated only as an antithyroid 
agent with respect to O, uptake. One interesting relationship 
which has not been investigated with respect to BHD action is 
the conversion of 8-carotene to vitamin A. Baumann and John- 
son (4) in 1947 appeared to show unequivocally that the thyroid 
status of an experimental animal had a direct bearing on the 
conversion of $-carotene to liver vitamin A. Since that time, 
however, conflicting reports (5, 6) have rendered this area less 
well characterized than previously believed. This present work 
was undertaken with the hope that if the thyroid effects observed 
by Baumann and Johnson could be substantiated, the thyroid- 
8-carotene-vitamin A relationship might be used as a metabolic 
“testing ground” for the evaluation of the mode of action of 
BHD. Moreover, the responses to BHD might provide funda- 
mental information as to the mode of action of the thyroid hor- 
mone in this metabolic area. 


EXPERIMENTAL PROCEDURE 


Weanling male Sprague-Dawley rats in the weight range 60 
to 65 g were placed on a vitamin A-deficient diet for a period of 
4 weeks. This diet contained: vitamin-free casein 18 (Nutri- 
tional Biochemicals Corporation), brewers’ yeast 8 (Squibb), corn 


* This investigation was supported by Research Grant A-2892 
from the Division of Arthritis and Metabolic Diseases of the 
United States Public Health Service. 

1The abbreviation used is: BHD, n-butyl-4-hydroxy-3, 5-di- 
iodobenzoate. 


starch 65 (Argo), salt mixture 4 (U.S.P. No. 2), and cottonseed 
oil 5 (Wesson). The control group received only this diet 
whereas additional groups received supplements of thiouracil, 
BHD, or desiccated thyroid. 

Groups treated with thiouracil began to receive the drug as 
an addition to their vitamin A-deficient diet at the beginning of 
the third week of the study (1% by weight of vitamin A-deficient 
diet). 

Groups receiving desiccated thyroid (U.S.P.) supplements also 
began to receive this preparation at the beginning of the third 
week of study. Desiccated thyroid was at first added to the 
diet at a level of 0.4% of the diet. This dose appeared to be 
quite toxic, for two members of this group died on the second 
day of supplemental feeding. Consequently the thyroid sub- 
stance was lowered to a value of 0.1% of the diet and maintained 
at this level for the remainder of the experiment. 

Three days before the 4-week period expired, the rats of the 
BHD group begain to receive BHD injections. The drug was 
administered subcutaneously (dorsal region) as an aqueous sus- 
pension at a dose rate of 200 mg per kg per day until the end of 
the experimental period (6 weeks).2 The suspension was pre- 
pared by dissolving BHD in water in the presence of a minimum 
of sodium hydroxide. This solution was then adjusted to a pH 
of 7.8 with dilute hydrochloric acid. The finely divided precipi- 
tate which formed as a consequence of this treatment remained 
more easily in suspension. 

At the end of the 4-week vitamin A depletion period a rat 
from each group was killed and the vitamin A content of the 
livers individually evaluated. No vitamin A could be detected. 

At the beginning of the fifth week certain groups of rats were 
given daily subcutaneous 3-ug doses of L-thyroxine or L-triiodo- 
thyronine in aqueous solution (pH 8.5). 

At the beginning of the fifth week all rats, with the exception 
of one animal from each group, were fed daily doses of 8-carotene 
(40 ug) and a-tocopherol (0.5 mg) in Wesson oil. The single 
isolated animal from each group, not fed B-carotene, was fed 
vitamin A (40 ug) and a-tocopherol (0.5 mg) in order to establish 
that the treatment received by each group did not impair their 
ability to store vitamin A. 

At the end of 6 weeks all rats were killed and their livers 


2 Over the 2-week injection period, at the dose rate used, BHD 
appears to act as an irritant. Autopsy of the BHD groups re- 
vealed several animals with cystlike structures in the injection 
area containing what appeared to be small amounts of unchanged 
BHD. 
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evaluated for vitamin A content with the use of the Carr-Price 
colorimetric procedure (7). Corrections for carotene and color 
interference were found to be negligible. 


RESULTS AND DISCUSSION 


Growth on the diet lacking vitamin A was very poor after the 
first week and all groups had reached a plateau of growth by the 
end of the fourth week. This observation, taken in conjunction 
with information obtained through analysis of rat livers after 4 
weeks of diet indicates that all groups had catabolized any pre- 
formed vitamin A and were indeed in a state of vitamin A defi- 
ciency. This conclusion is further supported by the subsequent 
weight gain of the control group fed B-carotene in the 2-week- 
supplement period. 

The data of Table I indicate that regardless of the diet or 
experimental treatment the animals had not lost their ability to 
store vitamin A in the liver, if the vitamin was supplied in a pre- 
formed state. It is of interest that, for the most part, animals 
which received thiouracil exhibited slightly higher levels of vita- 
min A in their livers, despite the fact that each animal was given 
equivalent quantities of vitamin A. Although the number of 
animals involved in Table I is too small to imply statistical sig- 
nificance it is tempting to speculate that the increased vitamin 
A storage in thiouracil-treated animals fed preformed vitamin A 
might be due to an inhibition of utilization of liver vitamin A, a 
possibility suggested by other workers (8). 

A study of the data of Table II reveals that there is an un- 
equivocal relationship between thyroid status and the ability of 
the organism to convert 8-carotene to vitamin A. Rats made 
hyperthyroid through ingestion of desiccated thyroid have an 
elevated total liver vitamin A as compared to control animals 
(p < 0.001). On the other hand, rats made hypothyroid through 
ingestion of the thyroid inhibitor thiouraci]l display a depressed 
total liver vitamin A as compared to control animals (p < 0.001). 
This data is in direct agreement with that of Baumann and John- 
son but conflicts with the results of Bieri and Schultze (5), and 
Arnrich and Morgan (6). Bieri and Schultze observed no sig- 
nificant differences in vitamin A storage by normal or thiouracil- 
treated rats fed carotene. Arnrich and Morgan actually ob- 
served greater vitamin A storage in carotene-fed rats receiving 
thiouracil than in those not receiving the inhibitor. The reason 
for these differences is not immediately apparent. Regardless of 
this conflict however, it is evident that under the experimental 
conditions employed in this study the decreased conversion of 
8-carotene to vitamin A may be used to determine the antithy- 
roid character of suspected thyroid inhibitors. With this crite- 
tion it is obvious from the data of Table II that BHD possesses 
antithyroid activity. This conclusion is consistent with that of 
Sheahan e¢ al. (9) arrived at through measurement of BHD ef- 
fects on O» uptake. 

A comparison of the two methods of evaluating antithyroid 
action reveals that the 6-carotene to vitamin A conversion may 
be a more sensitive measure of the antithyroid nature of BHD. 
Approximately 56% inhibition of vitamin A formation is ob- 
served with BHD in control rats receiving no exogenous thyroid 
hormones. In the O, uptake study of Sheahan e¢ al. it was im- 
possible to obtain BHD effects with control animals. Prior treat- 
ment with exogenous thyroxine proved to be essential (9). An 
obvious defect in the 8-carotene to vitamin A conversion method, 
however, is the time requirement of 6 weeks. Investigations de- 
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TaBLeE I 


Storage of preformed vitamin A* by vitamin A-deficient rats in 
different thyroid states 





Rat No.° Liver vitamin A 





BE 
180 
232 
174 
170 
204 
240 
184 
220 


ONO rr WN 








* Daily oral feedings of 40 ug of vitamin A in Wesson oil. 
*’ Rat numbers correspond to group numbers of Table II. 


TaBLeE II 


Conversion of B-carotene to vitamin A by vitamin A-deficient rats in 
different thyroid states 























s | ¢ < 
ae F 
| |¥8 $ 
E q “ + Treatment E Range p 
a} |24/285 = 
8 | 5|38|sa8 F 
= °o 
CO|ZI—B |F = 
g g ug ug 
1 | 5 |84.1/107.4) Controls 33. 1/27.5-41.0 
2 | 5 |83.3) 81.6) Thiouracil? 15.1)14.3-15.8) <0.001 
3 | 3 \65.7| 84.7) Desiccated thyroid? |48.3/46.0-52.0| <0.001 
4-1 5 |85.0) 91.2} BHD¢ 14.4)12.0-17.0| <0.001 
5 | 5 |78.3) 83.6) Thiouracil’ + L-T,* |30.2/25.0-35.0| not sig- 
nifi- 
cant 
6 | 5 (89.8) 78.4) Thiouracil’ + L-T,* |28.5/24.0-31.0} not sig- 
nifi- 
cant 
7 | 5 83.2) 76.0) Thiouracil® + L-T,¢ |14.5)12.0-16.8} <0.001 
+ BHD#¢ 
8 | 4 |85.3) 79.4) Thiouracil’ + L-T;¢ |43.8/41.0-49.0) <0.005 
+ BHD#¢ 











* Vitamin A-deficient diet fed to all groups. 

> At a level of 1% of vitamin A-deficient diet. 

© At a level of 0.1% of vitamin A-deficient diet. 

4 200 mg per kg subcutaneously, daily. 

¢3 ug subcutaneously, daily. T; = triiodothyronine; T, = 
thyroxine. 


signed to determine the feasibility of a shorter period of study are 
currently underway. 

The data of Table II are consistent with the Wilkinson and 
Maclagan theory that BHD functions as an inhibitor of the proc- 
ess or processes whereby thyroxine is degraded to an active hor- 
mone, presumably triiodothyronine. Thus BHD is seen to in- 
hibit the action of exogenous thyroxine (group 7), whereas the 
effects of exogenous triiodothyronine is not decreased (group 8). 
In actual fact the action of exogenous triiodothyronine appears to 
be potentiated by the presence of BHD. This last observation 
can again be adequately explained on the basis of the Wilkinson 
and Maclagan theory. If BHD acts to prevent deiodination of 
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triiodothyronine as well as thyroxine, and if triiodothyronine is 
the “active” thyroid hormone, its effects will be prolonged or in- 
tensified because of its greater metabolic half-life in the presence 
of BHD. 

BHD apparently does not completely eliminate the biosynthe- 
sis of vitamin A despite the fact that the quantities of inhibitor 
used are of the order required to produce maximal effects (9). 
Two explanations of this phenomenon are possible. The first of 
these would suggest that the vitamin A-forming step is not en- 
tirely under the control of the thyroid hormone and that even in 
the complete absence of hormone some formation of vitamin A 
occurs. This explanation is supported by the fact that even un- 
der the influence of sufficient thiouracil to inhibit thyroid hor- 
mone formation completely (10) vitamin A formation continues at 
the same level as observed with the BHD group. A second possi- 
ble explanation of the phenomenon might be based on the sugges- 
tion that triiodothyronine may be generated directly in the 
thyroid gland without the intervention or prior formation of thy- 
roxine. Thus preformed triiodothyronine would not be under 
the inhibitory influence of BHD and hence would permit the re- 
sidual biosynthesis of vitamin A from B-carotene observed with 
Group 4. Tentative support for this explanation is furnished by 
studies which do indicate that the thyroid gland secretes triiodo- 
thyronine at a significant rate (11, 12). The data of this study 
do not permit a final evaluation of these two explanations. 

It is of interest that the effects of BHD are qualitatively the 
same, whether measured as a function of O. uptake or of the 
B-carotene to vitamin A conversion. This similarity of response 
might indicate that both O, uptake and carotene conversion are 
controlled through the same broad mechanism of action of the 
“active” thyroid hormone triiodothyronine. Whatever conclu- 
sion is reached, this study has demonstrated clearly that thy- 
roxine per se has no metabolic activity with respect to B-carotene 


Butylhydroxyditodobenzoate and Carotene Utilization 
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conversion since the effect of exogenous thyroxine is obviated by 
BHD. 


SUMMARY 


1. n-Butyl-4-hydroxy-3 ,5-diiodobenzoate appears to be a po- 
tent antithyroid compound as measured by its ability to prevent 
the conversion of 8-carotene to vitamin A. 

2. The data of this study are consistent with the theory that 
n-butyl-4-hydroxy-3 , 5-diiodobenzoate functions as an antithy- 
roid substance by virtue of its ability to inhibit deiodination 
processes. 

3. Data obtained in this study suggest that the form of thyroid 
hormone effective in the conversion of B-carotene to vitamin A 
is triiodothyronine. Thyroxine per se appears to possess no ac- 
tivity with respect to the conversion of B-carotene to vitamin A. 


REFERENCES 


1. Witxk1nson, J. H., anp Macuaaan, N. F., Biochem. J., 58, 87 
(1954). 

2. Rocuse, J., Detrour, G. H., anp Micuet, R., Compt. rend. 
soc. biol., 147, 385 (1953). 

3. VANARSDEL, P. P., JR., AND WiuuiaMs, R. H., J. Biol. Chem., 
223, 431 (1956). 

4. Jounson, R. M., anp Baumann, C. A., J. Biol. Chem., 171, 
513 (1947). 

5. Bieri, J. G., anp ScuuttzeE, M. O., Arch. Biochem. Biophys., 
34, 280 (1951). 

6. Arnricu, L., anp Moraan, A. F., J. Nutrition, 64, 107 (1954). 

7. Association of Vitamin Chemists, Inc., Methods of vitamin 
assay, Interscience Publishers, Inc., New York, 1957, p. 24. 

8. Jounson, R. M., anp Baumann, C. A., Federation Proc., 7, 
290 (1948). 

9. SHeaHan, M. M., Wiixinson, J. H., anp Mactaaan, N. F., 
Biochem. J., 48, 188 (1951). 

10. Astwoop, E. B., J. Pharmacol. Expil. Therap., 78, 79 (1943). 

11. Benva, R.S., Dopyns, B. M., anp Ninmep, A., J. Clin. Endo- 
crinol. and Metabol. 15, 1367 (1955). 

12. Tauroa, A., WHeat, J. D., anv Cuarxorr, I. L., Endocrin- 
ology, 58, 121 (1956). 





Tue Jo 


In t 
of lecit 
glycer« 
fractio 
tions ¢ 
withot 
maind 
might 
zyme | 
phatid 
before. 
produc 
for lec 
contra 
ithin, | 
derivat 
obtain 
react v 

It is 
micros 
to forr 
volves 


Non 
lecithi 
from if 
was th 
and th 
tograp' 

In o1 
incuba 
glycerc 
total li 
(11). 
use of | 
active | 
radioac 
per pn 
stored | 

1-C¥ 
Zabin 
umole) 
ble pre 
buffer | 
at 260 


3, 87 


em., 
171, 
hys., 
954). 
amin 
». 24. 
Dig Me 
|. Fe 


43). 


indo- 


crin- 


Tue JouRNAL oF BrotoGica, CuEMISTRY 
Vol. 235, No. 8, August 1960 
Printed in U.S.A. 


In the course of C'-tracer studies on the biological synthesis 
of lecithin in lung tissue slices, the ratio of fatty acid activity to 
glycerol activity in lecithin was higher than in the triglyceride 
fraction. It was suggested that the observed isotope distribu- 
tions could be due to turnover of the fatty acid portion of lecithin 
without a corresponding synthesis and breakdown of the re- 
mainder of the molecule (1). Such a turnover of fatty acid 
might require the combined actions of a phospholipase, an en- 
zyme activity found in many tissues (2-4), and also a lysophos- 
phatide-acylating enzyme which has not been demonstrated 
before. Further studies of lecithin metabolism showed that the 
product of phospholipase action, lysolecithin, could be utilized 
for lecithin synthesis by rat liver microsomes. This result is in 
contrast to that obtained in the chemical acylation of lysolec- 
ithin, which has been unsuccessful with several different acyl 
derivatives (5, 6), although Tattrie and McArthur (7) recently 
obtained a 31% yield of lecithin by allowing an acid chloride to 
react with lysolecithin in anhydrous chloroform for 3 days. 

It is the purpose of this paper to describe the properties of the 
microsomal system which catalyzes the acylation of lysolecithin 
to form lecithin. This reaction requires ATP and CoA, and in- 
volves the formation of an acyl-CoA derivative.’ 


EXPERIMENTAL 


Nonradioactive lysolecithin was prepared from vegetable 
lecithin (Matheson Company, Inc.) which had been isolated 
from its cadmium chloride complex (8). The purified lecithin 
was then treated in ether with Crotalus adamanteus venom (9) 
and the resulting lysolecithin was purified by silicic acid chroma- 
tography with mixtures of chloroform and methanol (10). 

In order to prepare radioactive lysolecithin, rat liver slices were 
incubated in a buffered solution containing both C-labeled 
glycerol and C-labeled acetate. After a 3-hour incubation the 
total lipids were isolated and washed according to Folch et al. 
(11). The lipids were chromatographed on silicic acid with the 
use of mixtures of ether and alcohol (1), and the resulting radio- 
active lecithin fraction was treated with snake venom to produce 
radioactive lysolecithin. Labeled lysolecithin (1 xX 10 c.p.m. 
per umole) was purified by silicic acid chromatography and 
stored at 5° in a solution of chloroform-methanol (2:1). 

1-C-oleyl-CoA was prepared by the method of Vignais and 
Zabin (12), with the use of 1-C™-oleyl chloride (0.33 ue per 
umole) and commercial CoA. The acid-insoluble, ether-insolu- 
ble precipitate was dissolved in 0.05 m potassium phosphate 
buffer (pH 7.4) and stored at —15°. Both the molar extinction 
at 260 my of 18,000 and the ratio of purine to thiol ester (€250/ 
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€233) Of 1.5 were comparable to the values reported for pure 
palmityl-CoA (13). 

Commercial glycerol phosphate (sodium salt) was obtained 
from both Merck and Company, Inc., and Eastern Chemical 
Corporation, and was shown on the basis of periodate titration 
for glycol (14) to be respectively 48 and 99% a-isomer. The 
L-a-glycerophosphorylcholine was prepared by hydrolysis of 
lecithin as described by Tattrie and McArthur (15). 

Rat liver microsomes were isolated from homogenates of fresh 
tissue in 0.25 m sucrose containing 0.001 m Versene (disodium 
salt of ethylenediaminetetraacetic acid). The supernatant solu- 
tion resulting from centrifugation of the homogenate at 15,000 x 
g for 20 minutes was centrifuged at 87,000 x g for 60 minutes, 
and the tightly packed pellet of microsomes was rehomogenized 
in a volume of sucrose equal to the weight of the fresh tissue. 
The suspended microsomes could be kept at either —15° or 0° for 
several weeks with no apparent loss in activity of the enzymes 
studied. 

The enzyme activity was measured by evaporating aliquots of 
fatty acid and lysolecithin solutions in a tube and dissolving the 
lipids in 1 ml of 0.1 m phosphate buffer (pH 7.4). After the 
lipids were completely dissolved, cofactors and enzyme system 
were added and the solution was incubated at 37°. The reaction 
was stopped by the addition of 5 ml of chloroform-methanol 
(1:4). Later, 15 ml of chloroform-methanol (4:1) were added, 
and a 4-ml portion of water was used to wash the nonlipid ma- 
terials from the organic phase (16). The chloroform layer was 
removed, evaporated to dryness, and dissolved in a solvent suit- 
able for subsequent chromatography. 

Two types of solvent systems were used for chromatography 
of the enzymatically synthesized lipids. The first involved a 
modification of the chloroform-methanol solvents to allow a rapid 
routine separation of lecithin and lysolecithin. The lipid was 
dissolved in 10 ml of 10% methanol in chloroform and placed on 
a 4-g silicic acid column (Mallinckrodt, 100 to 200-mesh) contain- 
ing the same solvent. Then three 10-ml fractions of 10% meth- 
anol in chloroform were collected, followed by one 150-ml and 
two 10-ml fractions of 40% methanol in chloroform to elute the 
lecithins. The lysolecithin was then eluted with 50 ml of 80% 
methanol in chloroform. 

Another solvent system was used when it was desirable to get 
a clean separation of lecithin not from lysolecithin, but from free 
fatty acids and phosphatidic acids. This procedure is a step- 
wise modification of the gradient method used earlier (1). The 
lipids were dissolved in ether and put on a 4-g silicic acid column 
in ether. One 10-ml and two 5-ml fractions of ether were col- 
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TABLE I 


Conversion of C'4-lysolecithin to lecithin by subcellular fractions 
of rat liver 

The initial reaction mixture contained 0.7 umole (7000 c.p.m.) 
of C'4-lysolecithin in Experiment I and 1.0 zmole (10,000 c.p.m.) 
in Experiments II and III, 1.0 ml of the enzyme preparation, 2 
umoles of oleic acid, 1 pymole of palmitic acid, 50 wmoles of phos- 
phate buffer, pH 7.4, 5 umoles of ATP, 10 wmoles of MgCle, and 
0.08 umole of CoA, in a total volume of 2.3 ml. After a 2-hour 
incubation, the lipid fraction was isolated, washed with water, 
and chromatographed, with the use of chloroform-methanol sol- 
vents as described under “Experimental.” The results are given 
as counts for total radioactivity recovered in each isolated frac- 
tion. 




















Cell fraction = Lecithin Rx 

Experiment I 

Mitochondria (800-10,000 X g)............| 1200 | 800 | 3800 

‘‘Heavy’’ mcrosomes (10,000— 24,000 X g)..| 750 | 3700 | 2300 

Supernatant from 24,000 X g............. 1100 | 3800 | 1200 
Experiment II 

‘“‘Heavy” microsomes (8000-35,000 X g)...| 1600 | 3900 | 4300 

Supernatant from 35,000 X g............. 1800 | 2200 | 5200 
Experiment III 

‘‘Light’’ microsomes (35,000-87,000 X g)...| 500 | 2100 | 7500 

Supernatant from 87,000 X g............. 2900 | 700 | 3500 





TABLE II 
Requirement of ATP and CoA for lecithin formation 
The complete reaction mixture contained 1 umole of C'4-lyso- 
lecithin (10,000 c.p.m.), 100 wmoles of phosphate buffer, pH 7.4, 
0.2 ml of fresh rat liver microsomes, 10 ymoles of ATP, 10 umoles 
of MgClo, 2 wmoles of oleic acid, and 0.1 pmole of CoA, in a total 
volume of 1.5 ml. 


Enzymatic Acylation of Lysolecithin 
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by the soluble proteins. Lysolecithinase, or phospholipase B, 
has been reported in a variety of tissues and it is widespread in 
mammalian tissues (17, 18). It is apparently a soluble enzyme 
with globulin-like properties (18). The major acylating activity 
was found in the microsomal particles and was relatively free 
from the lysolecithinase activity. Marinetti et al. (19) and 
Erbland (20) have reported that not only can a particle-free 
system, isolated by high speed centrifugation of rat liver homog- 
enates, convert lysolecithin to free fatty acids and glycerophos- 
phorylcholine, but that also a small amount (9%) of the lyso- 
lecithin phosphorus can be isolated in the lecithin fraction after 
a 1-hour incubation without added CoA, ATP, or glycerides, 
It may be that the hydrolytic enzyme can transfer an acyl group 
from one lysolecithin molecule to another. 

The requirement for both ATP and CoA for lecithin synthesis 
in the rat liver microsomal system is demonstrated in Table II, 
which shows the results obtained with “light” microsomes that 
were separated at between 35,000 to 87,000 x g. The low level 
of radioactivity (7%) that was found in all lecithin fractions is 
due primarily to a small impurity of radioactive lecithin in the 
lysolecithin preparation, since nonincubated controls also showed 
similar activity in the rechromatographed lecithin fraction. The 
lack of lecithin formation in the absence of ATP and CoA could 
also be shown by using nonisotopic lysolecithin and 1-C'*-oleic 
acid. The results in Table III show the requirement for ATP, 
but in this preparation there was apparently sufficient endogenous 


TaBLeE III 
Synthesis of lecithin from 1-C'4-oleic acid 


The complete reaction mixture was similar to that in Table II 
but contained 15 ymoles of lysolecithin and 1 ymole of 1-C'*-oleic 
acid instead of the C'*-lysolecithin and nonlabeled oleic acid. 











Incubation mixture Lecithin radioactivity* 

Experiment I 

Complete system... ......... 050. .ecsecees 4690 

I MOTT OO ino oe 9.2 0 vins cio sine 0's 840 

Re oan Ske ayia s macs Saige tele 1320 

alg a oe ES kr ale 880 
Experiment II 

MUN WUUOEE, So ooccc clo do es cows css 4840 

MSE peanrererenary Goth ai 21 te 880 








* The total radioactivity of the lecithin fraction isolated after 
a 2.5-hour incubation at 37°. 


lected, followed by 50 ml of ether-methanol (1:1) and 50 ml of 
ether-ethanol (1:3). The lecithin was then eluted with 100 ml 
of 35% methanol in ethanol. 

The radioactivity of all the fractions studied was measured on 
a Nuclear-Chicago gas flow thin window counter, with samples 
plated at “infinite thinness.” 


RESULTS 


Radioactive lysolecithin was incubated with oleic acid, ATP, 
CoA, and MgCl, in the presence of subcellular fractions of rat 
liver to see if lecithin could be formed. The results in Table I 
indicate that the conversion of lysolecithin into lecithin occurred 
predominantly in the microsomal fractions, whereas the hydroly- 
sis of lysolecithin to give free fatty acids was carried out chiefly 





Incubation mixture Lecithin synthesis* 
CINERG. 2 Seta. A active eens ak 130 
IS GEOR «ss + « eyaitewineds cide beats Ba 1 
| SE RES ay eerie ripe renames arse 120 
ae teak ONG COA. ... JAS SSIS ESR 8 10 
RS oe Bec re) wore eee 140 
Complete Gero time)... .. 060s ccc ccscnes 1 





* Millimicromoles of oleic acid incorporated into lecithin in 2 
hours at 37°. 
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Fig. 1. Requirements for lecithin synthesis. Fresh, washed 
microsomes (15,000 to 87,000 X g) from 0.2 g of rat liver, were in- 
cubated for 1.5 hour with 0.5 wmole of 1-C*-oleic acid and 3 pmoles 
of nonradioactive lysolecithin in a 1.95-ml reaction mixture con- 
taining 100 umoles of phosphate buffer, 10 zmoles of MgCle, and, 
except where indicated, 10 umoles of ATP and 0.12 umole of CoA. 











Lecithin formation (mymoles) 
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CoA present. A quantitative study of the ATP and CoA re- 
quirement is summarized in Fig. 1. It can be seen in Fig. 1 that 
very low levels of added CoA are sufficient to saturate the en- 
zyme system with this cofactor. 

The results strongly suggest that the reaction involves the 
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Fic. 2. Effect of lysolecithin concentration on lecithin synthe- 
sis. The complete reaction mixture contained 100 zmoles of phos- 
phate buffer, pH 7.4, 10 umoles of MgCle, 5 wmoles of ATP, 0.1 
ymole of CoA, 0.25 umole of 1-C'*-oleic acid (150,000 c.p.m.), 
0.3 ml of microsomes, and varied amounts of nonradioactive lyso- 
lecithin in a final volume of 1.5 ml. 





Lecithin formation (my 


TaBLe IV 
Acylation of lysolecithin with 1-C'4-oleyl-CoA 

The complete reaction mixture contained 100 wmoles of phos- 
phate buffer, pH 7.4, 1.4 umoles of lysolecithin,| 1-C'*-oleyl-CoA 
(2X 105 ¢.p.m. per pmole), and 0.15 ml of enzyme preparation, in 
a total volume of 1.2 ml. Except where noted, the tubes in Ex- 
periment I contained 0.18 umole of CoA ester and those in Experi- 
ments II, III, and IV contained 0.12 wmole. The reaction was 
carried out at 37° for 45 minutes and the lipid fraction was iso- 
lated, washed, and chromatographed with the stepwise elution 
procedure using ether-alcohol mixtures. The oleyl-CoA is ex- 
tracted by the aqueous layer during the washing process and is 
not chromatographed on silicic acid. The results are expressed 
in terms of myumoles of C14-oleic acid in each fraction. 




















§ 
Reaction mixture 2 hatte 43 
8 acid a” 
Experiment I 
Complete (0.18 ymole of CoA ester)............ 98 
Complete (0.36 umole of CoA ester)............ 185 
Complete (boiled microsomes)................. 15 
Gin WIDEINGIUIIE, 50.5.0 5 ce ni betas eect oniee oes 20 
Experiment II 
Complete, add 50 wmoles of NaF.............. 66 | 23 | 30 
Omit lysolecithin, add 50 wmoles of NaF ...... 10 | 78 | 45 
EE AIOE a5 oie oS ssa ce ale acon iewh 3 | 27 | 95 
Experiment III 
WONG ois. 2as cose: DIOR ea estes 79 14 
Complete, add 50 pmoles of NaF.............. 80 11 
Complete, add 10 umoles of Versene........... 92 10 
Experiment IV 
IRR Ne betel at Aan Pel ond ap regen epee Rah pen 72 | 23 | 30 
Complete (boiled microsomes)................. 6 | 11 |130 
Omit TySGROGteWan oinsin.. F556.» ccc .0dicie sleidisle v hs.0 oh.6 4% 30 | 63 | 30 
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TaBLe V 
Liberation of 1-C-'4-oleic acid from enzymatically 
synthesized lecithin 

The enzymatically synthesized lecithin was treated with snake 
venom and the reaction mixture was evaporated and then chro- 
matographed on silicic acid columns by means of the stepwise 
elution with chloroform-methanol mixtures as described in the 
text. The results are given in terms of the percentage of leci- 
thin-C'* recovered in each fraction. 




















Substance chromatographed Fatty acid Lecithin | Lysolecithin 
Control C'*-lecithin............ 2 83 15 
C'*-lecithin + venom........... 87 8 5 

TaBLeE VI 


Acylation of lysolecithin in presence of glycerol phosphate derivatives 

The reaction mixture contained 0.25 wmole of 1-C'+-oleic acid, 
100 zmoles of phosphate buffer, pH 7.4, 5umoles of ATP, 10 umoles 
of MgCle, 0.1 umole of CoA, and 0.2 ml of microsomes, in a total 
volume of 1.5 ml. Nonradioactive lysolecithin and other sub- 
strates were added as described in the table. The results are de- 


scribed in terms of the mymoles of oleic acid incorporated into 
lecithin in 1 hour at 37°. 








Additions* (in wmoles) Lecithin Synthesis 

Experiment I 

jog Oe eS enn teem A 10 

No Lb ++ :S GP... «00.5... Sas 5 

bg TS cr or ne ee 10 

ING Balls “ho MMI, oii in.s 05' mnaniie ab pinta oes 5 

DO seks PIED 65. s.« ve wh tists alas Awe 10 

MMI Nels ia: 5s was v'a.> ho shigs lagi te ee EE 105 
Experiment II 

PRO) Rida A Nd a s:.2:9.0-d nation eee oats 5 

LA Ey = IR iss eae cee SS eee 197 
Experiment III 

ED eee soe Seen, ees Le cr verse! el! 100 

pe Se: ae, eee seer, Sere: 100 

Loe SA > 3. , = i ctr ee eared Site. 3 
Experiment IV 

RAMS. Syncaes ka apy Reker tan ee 120 

RAEI Ae Boss oie Oe anewevengneaee’ 100 

DUO abi te BRM so ob Fags oe Coretioay oe 10 

Pe Ws GPE os ics cen ves eee RTO 5 
Experiment V 

INO: Bans A Tiss ses ok. wy as aut es oak 3 

Je a oe: fg ns arr eerie ese: 208 

je Ae ag nn 5 Paneer erin ad oe) 12 

AEs Oi GE 65... De ees sass 245 

ee ce Noo moins v cde a eeig ele ae rene eee 
Experiment VI 

© AR isin. cuniegn vas 20d. anh eh eee 25 

OGOPC. 4 OF Takecwv evs a 65). uadaediow 212 








* LL, lysolecithin; GP, glycerol phosphate; GPC, t-a-glycero- 
phosphorylcholine. 

t a-Isomer, 48%. 

ft a-Isomer, 99%. 


formation of the CoA thiol ester. This intermediate was syn- 
thesized and used as a substrate for the acylation of lysolecithin 
by microsomes in the absence of added ATP, Mgt+, and extra 
CoA (Table IV). The oleate moiety of oleyl-CoA could be 
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transferred to either lysolecithin or water by the native micro- 
somes, but the heat-denatured microsomes did not attack the 
thiol ester. The addition of sodium Versenate or sodium fluoride 
did not affect the extent of reaction. 

Different samples of lecithin which had been enzymatically 
synthesized from lysolecithin and 1-C-oleic acid were treated 
with snake venom. The resultant lipid mixtures were chroma- 
tographed on silicic acid to separate the free fatty acid, lecithin, 
and lysolecithin. A typical result given in Table V indicates 
that the newly synthesized ester bond is attacked by the snake 
venom phospholipase A. 

The lysolecithin-acylating system showed very little activity 
in acylating glycerol phosphate to form phosphatidic acid which 
could be isolated by silicic acid chromatography, but it did 
acylate lysolecithin in the presence of the glycerol phosphate 
(Table VI). Similarly, t-a-glycerophosphorylchlorine did not 
yield lysolecithin or lecithin, whereas added lysolecithin was 
readily acylated to form lecithin in the presence of the water- 
soluble precursor. These experiments were run in this way to 
test for the presence of enzyme inhibitors in the water-soluble 
substrates since it was expected that a-glycerol phosphate would 
form phosphatidic acid. The inactivity of the water-soluble 
precursors in this system is apparently not due to inhibitors 
since the lysolecithin is readily acylated in their presence. In 
addition, the fact that these compounds do not lead to lecithin 
formation in this system makes it unlikely that they are inter- 
mediates when lysolecithin is converted to lecithin. 


DISCUSSION 


The reactions involved in converting lysolecithin to lecithin in 
this system can most simply be formulated as shown in Scheme 
1, where the new acyl derivative is formed on the glycerol hy- 
droxyl that had been liberated by the snake venom phospholi- 
pase A. 


O CH.0H 
R—Uu_gcoA + R’—C—0O— 


H O H: — 
§ (H,-0-f-o—bn, 
o- 


CH.—O—C"—R 


| 
O *+*N(CHs)s 
R’—C—O—CH 


A da shake 


(CH;)sNt 


+ CoASH 


ScHEME 1 


Although the bond that is hydrolyzed by snake venom has 
been generally considered to be the a’-ester according to the 
proof of structure by Hanahan (6), a recent paper by Tattrie 
indicates that phospholipase A hydrolyses the B-ester (21). At 
the present time the two different results seem incompatible and 
it is difficult to decide which ester is hydrolyzed by phospholipase 
A. Regardless of the position that is attacked, the results of 
both authors indicate that the enzyme is selective for only one 
position. Since the fatty acids in glyceride esters have been 
shown to migrate to adjacent free hydroxyls under the influence 
of enzymes (22, 23), dilute acid (24), and silicic acid chromatog- 
raphy (25), there was a possibility that the acylating enzyme in 
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the experiments described here might be acylating some rear- 
ranged form of lysolecithin. The results shown in Table V, 
however, indicate that there was no net rearrangement of the 
lysolecithin molecule during the over-all process of hydrolysis by 
snake venom and acylation by the microsomal system. These 
results also mean that it is possible to stereospecifically acylate 
lysolecithins to form lecithins in which the two fatty acids are 
attached to specific glycerol hydroxyl groups. The hydroxyl 
group of lysolecithin is surprisingly unreactive, not only with 
fatty acid chlorides but also with phthalic anhydride, acetic 
anhydride, a-naphthyl isocyanate and 3-nitronaphthyl] isocya- 
nate (6). The lack of reactivity is apparently due to the effect 
of the charged quaternary nitrogen, since the B-chloroethy] glyc- 
erol phosphate is readily acylated by acid chlorides (26). It 
would be interesting to determine the factors that allow the 
enzyme-catalyzed acylation to proceed so readily in the aqueous 
reaction system. 

The lecithins synthesized by the microsomal enzyme can also 
be used as precursors for other stereospecifically labeled glycero- 
lipids, such as phosphatidic acids and diglycerides, which can be 
formed from the lecithin through the use of the appropriate 
hydrolytic enzymes. Several preparations of specifically labeled 
phosphatidic acid have been made using cabbage phosphatidase 
C (27) and isolating the product by silicic acid chromatography. 

The fact that the fatty acids are generally arranged asym- 
metrically in the naturally occurring lecithins, one ester satu- 
rated and one unsaturated (28, 29) has made it seem very likely 
that the two different esters may be metabolically different, and 
Hanahan (30) has recently reviewed the development of the 
concept of metabolically reactive ester positions in the lecithin 
molecule. The evidence given in this paper for an enzyme that 
can readily acylate lysolecithin makes it very reasonable that the 
fatty acid ester bonds in the lecithin molecule can be formed or 
broken independent of the metabolism of the rest of the mole- 
cule. Furthermore, the lysolecithin-acylating enzyme could 
play an important role in developing the asymmetric distribution 
of fatty acids in the naturally occurring lecithin molecules. 


SUMMARY 


An enzyme system is present in rat liver microsomes which 
will catalyze the acylation of lysolecithin with fatty acids to 
form lecithin. The acylation reaction involves the acyl-CoA 
derivative, and the newly formed glycerol ester bond of the 
lecithin molecule is attacked by snake venom phospholipase A. 
The occurrence of the acylating enzyme provides strong support 
for the concept of independent metabolic turnover of at least one 
fatty acid moiety of lecithin, and makes it possible to synthesize 
stereospecifically labeled glycerolipids in which only one of the 
two fatty acids is radioactive. 
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The initial work on propionate formation in Clostridium pro- 
pionicum (1, 2) indicated that 3-carbon substrates were reduced 
to propionate without randomization of the carbon chain. This 
finding indicated a basic difference in the metabolism of C. 
propionicum from that of the propionibacteria and Micrococcus 
lactilyticus, in which propionate formation involves succinate as 
an obligatory intermediate (see (3) for review). Recent studies 
in this laboratory revealed the presence, in cell-free extracts 
of C. propionicum, of enzymes which catalyze the reversible 
oxidation of propionyl-CoA to acrylyl-CoA and the direct amina- 
tion of acrylyl-CoA to yield B-alanyl-CoA (3-5). Although 
growing or resting cells of C. propionicum are capable of ferment- 
ing B-alanine according to the equation: 


3NH.CH:2CH.COOH + 2H.0 — 
2CH,;,CH,COOH + CH,;COOH + CO: + 3NHs: 


cell-free extracts prepared by sonic disintegration were unable to 
metabolize free B-alanine (5). 

In the present study it was found that extracts of this organ- 
ism obtained with a Hughes press are capable of converting 
B-alanine to propionate with but little acetate formation. Evi- 
dence will be presented that 8-alanine is deaminated to yield 
B-hydroxypropionate and that 6-hydroxypropionate is further 
metabolized to propionate. A mechanism for B-alanine deami- 
nation in this organism is proposed. The results substantiate 
a role for acrylyl-CoA in the formation of propionate by these 
extracts but, as yet, no role can be assigned to B-alanyl-CoA. 


EXPERIMENTAL PROCEDURE 


Cells—A strain of anaerobic bacteria was isolated by enrich- 
ment culture on §-alanine and was identified as C. propionicum 
as described below. The organism was routinely grown in the 
B-alanine medium described by Vagelos et al. (5) with the ex- 
ception that, when 20-liter cultures were grown, solid sodium 
hydrosulfite, instead of sodium sulfide, was added gradually 
while passing nitrogen through the medium, until methylene 
blue added to the medium was decolorized and remained so 


* A preliminary report of this work was presented at the Ameri- 
can Chemical Society Meeting, September, 1959. For Paper IV 
in this series, see (36). 

t Postdoctoral Research Fellow of the National Heart Institute, 
United States Public Health Service. Present address, Depart- 
ment of Chemistry, Harvard University, Cambridge 38, Massa- 
chusetts. 


upon continued gassing for 2 to 3 minutes. The cells were grown 
at 30° for approximately 25 hours, at which time the yield was 
0.7 to 1.2 g, wet weight, of cells per liter. 

The cells were washed in 0.03% Na2S-9H.O, two times. A 
thick slurry was then made by adding a small volume of 0.05 
triethanolamine hydrochloride buffer pH 7.4, containing 0.001 u 
GSH, and the slurry was transferred to a Hughes press (6) which 
had been cooled in a dry ice chest for at least 1 hour. The 
pressed cells were extracted two or three times with approxi- 
mately 1.5 ml of buffer, total, per 1.0 g of cells. The particulate 
material was removed by centrifugation at 18,000 x g for 20 
minutes and the clear, yellow-green, supernatant solution was 
stored at —20°. Since repeated freezing and thawing was found 
to inactivate some of the enzymes studied, it was found conven- 
ient to store large quantities of extract in several containers with 
3 to 5 ml of extract in each. Dialysis, where indicated, was 
against 50 volumes of 0.05 m triethanolamine buffer pH 7.4, 
containing 0.001 m GSH. 

Several other methods of preparing extracts were tried, in- 
cluding sonic oscillation (5), grinding with alumina (7), and 
shaking with glass beads (8), but the Hughes press was found to 
produce the most active extracts with the substrates tested. 

Analytical Procedures—Ammonia was determined by direct 
nesslerization (9) of an aliquot of the reaction mixture after 
protein precipitation with 0.1 volume of 10% trichloroacetic acid. 
Concentrated Nessler’s solution, as modified by Folin and Wu, 
was obtained from the Fisher Scientific Company. The results 
thus obtained were checked in several instances against results 
obtained by microdiffusion of ammonia (10) followed by reaction 
with Nessler’s reagent. Under the experimental conditions de- 
scribed below the two methods gave the same results. How- 
ever, high concentrations of DPN and malonyl semialdehyde 
were found to interfere with the direct determination of ammonia. 
In such cases the microdiffusion procedure was used. 

Amino acids were determined by the method of Troll and 
Cannan (11). Protein-free solutions were obtained as above and 
freed of ammonia by rapid diffusion at alkaline pH in the rotator 
described by Holaday and Verosky (12), which was purchased 
from Scientific Industries, Inc. It was necessary to neutralize 
the solution before proceeding to analyze for amino acid. Pro- 
tein was determined by the method of Gornall et al. (13). 

Steam distillations were performed in the still described by 
Markham (14). Ducleaux distillations were performed as de- 
scribed by Barker (15). Total volatile fatty acids were de- 
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termined by titration with alkali. It was found convenient to 
steam distill from the pH 3.5 phosphate buffer described by 
Lewis and Elsden (16) in order to avoid possible contamination 
of the volatile fatty acids by pyruvic acid. 

Conversion of Free Acids to Hydroxamic Acid Derivatives—The 
sodium salts of the fatty acids were taken to dryness, slightly 
moistened, and treated with powdered, anhydrous sodium acid 
sulfate to acidify and remove water. The free acids were then 
extracted into a total of 1 to 2 ml of anhydrous ether and treated 
with ethylchloroformate and hydroxylamine as described by 
Seubert (17). For chromatography of the hydroxamic acid de- 
rivatives the solution was taken to dryness in a stream of air, 
the residue was thoroughly suspended in 1 ml of ethanol fol- 
lowed by 10 ml of ether. The resulting precipitate was centri- 
fuged off and the supernatant solution was blown down to a 
volume convenient for application to chromatograms. Three 
solvent systems were used for separation and identification of 
these compounds. Table I gives the R» values of the hydroxamic 
acid derivatives of propionate and B-hydroxypropionate in the 
three solvent systems. 

Materials—6-Alanine-2-C was generously donated by Dr. R. 
C. Millican. 6-Alanine-1-C was obtained from New England 
Nuclear Corp. The preparation of 8-hydroxypropionate has 
been described (20). Acrylic acid was a commercial preparation 
which was redistilled. Acetyl-CoA was prepared from acetic 
anhydride and reduced CoA, obtained from Pabst Laboratories, 
by the method of Simon and Shemin (21). Malonaldehydic 
acid ethyl ester diethyl acetal was the kind gift of Drs. W. G. 
Robinson and M. J. Coon and was converted to malony] semi- 
aldehyde by their method (22). 

Incubations with Enzymes—All incubations were carried out 
under an atmosphere of helium. The reaction mixtures were 
flushed with helium for at least 45 seconds before and after 
addition of enzyme. 


RESULTS 


Identity of Bacteria—The strain of anaerobic bacteria used in 
these studies was recently isolated from mud by enrichment 
culture on the B-alanine medium described above. It was mor- 
phologically similar to strains of C. propionicum maintained in 
our laboratory, and the following data indicate that this organism 
is C. propionicum. Table II shows the results of a balance 
study when the isolated organism was grown on f-alanine. The 
volatile fatty acids were identified as propionic and acetic acids 
by paper chromatography in the solvent of Kennedy and Barker 
(23), by gas-liquid partition chromatography on the column 
described by James and Martin (24), and by Ducleaux distilla- 
tion. Ducleaux constants and gas-liquid partition chromato- 
graphic analysis were consistent with the ratio of 2 moles of 
propionate to 1 of acetate which was found by Cardon and Barker 
(1) in a-alanine fermentations by this organism. 

Products Obtained during Fermentations by Cell-free Extracts- 
Table III summarizes the results obtained when various sub- 
strates were fermented by crude, undialyzed extracts of the 
isolated strain of C. propionicum. Growing cells of this organism 
were shown by Cardon and Barker (1) to convert pyruvate, 
lactate, and serine to propionate and acetate in the mole ratios 
1:2, 2:1, and 1:2, respectively, and by analogy 6-alanine should 
give the ratio 2:1. Extracts, on the other hand, do not dismu- 
tate these substrates to yield the expected ratios of these two 
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TaBLeE I 
Hydrozamic acid derivatives of acids 
Rr 
Compound 
Solvent A* | Solvent Bt | Sol ct 
Propiohydroxamic acid......... 0.64 0.48 0.70 
8-Hydroxypropichydroxamic 
rn? OO Fae een, Shee re 0.32 0.24 0.45 








* Solvent A (18): n-butanol-water, 100:18. 
t Solvent B: n-propanol-concentrated ammonia-water, 8:1:1. 
t Solvent C (19): sec-butanol-formic acid-water, 75:13:12. 











TaBLe II 
B-Alanine fermentation balance* 
8-Alanine added a Ammonia produced 
pmoles umoles pmoles 
56.1 50.0t | 52t 





* The cells were grown on the medium described above, for 7 
days at 30°. 

¢ Blanks were obtained by growing the cells on the same me- 
dium without §-alanine. The blank values were subtracted. 


TaB_e III 


Conversion of substrates to volatile compounds by cell-free 
extracts of C. propionicum 

Each incubation contained 20 umoles of substrate; triethanol- 
amine hydrochloride buffer pH 7.4, 100 wmoles; DPN, 5 umoles; 
extract containing 13 mg of protein; water to a total volume of 
2.0 ml. Incubations were at 30° for 3.5 hours. In the case of 
pyruvate, lactate, and serine, two incubations were performed 
with the substrate labeled with C" in different positions; pyru- 
vate-1-C'* or pyruvate-3-C™, uniformly labeled serine or serine- 
3-C'," lactate-1-C" or lactate-2-C'*. The total amount of volatile 
compounds produced was determined by counting the steam- 
volatile products from the second compound of each pair. The 
amount of acetate produced was calculated on the assumption 
that extracts convert these substrates to acetate by an a-oxida- 
tion involving loss of the carboxyl group as shown for whole cells 
by Leaver et al. (2) for lactate. In the case of B-alanine the com- 
pound labeled with C** in the 8-position was used, the volatile 
products were converted to the hydroxamic acid derivatives, and 
chromatographed on paper in Solvent A (Table I). The aceto- 
hydroxamate and propiohydroxamate, thus separated, were 
counted. 























Products 
Substrate : : 
Volutls atty| cette | Propionate | Propionate/ 
pmoles pmoles moles 

Pyruvate....... 6.6 5.6 1.0 0.18 
Lactate... .... 5.1 4.7 0.4 0.09 
ere | 84, ..\. a 0 0 
B-Alanine....... 5.9 1.0 4.9 4.9 
products. Pyruvate, lactate, and serine are predominantly oxi- 


dized to acetate, whereas 6-alanine is predominantly reduced to 
propionate. To account for the redox imbalance even after a 
suitable correction is made for the DPN added, we must assume 
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Fic. 1. Propionate formation from 6-alanine as a function of 
enzyme concentration. Each incubation contained triethanola- 
mine hydrochloride buffer pH 7.4, 100 umoles; DPN, 5 umoles; 
B-alanine-2-C', 20 umoles, 23,000 c.p.m.; extract containing 26 mg 
of protein per ml, and water to a total volume of 2.0 ml. Incu- 
bations were at 26° for 150 minutes. The amount of propionate 
formed is based on steam-volatile radioactivity. 


TABLE IV 
Conversion of B-alanine to propionate by dialyzed 
extracts of C. propionicum 

Each incubation contained triethanolamine hydrochloride 
buffer pH 7.4, 50 umoles; 8-alanine-1-C"*, 10 umoles, 232,000 c.p.m.; 
extract containing 8.5 mg of protein; and water to a total volume 
of 1.0 ml. Additions: a-ketoglutarate, 1.0 umole; DPN, 2.5 
umoles; and all others, 10 umoles. Incubations were at 30° for 3 
hours. The amount of propionate produced is based on steam- 
volatile radioactivity. 





| B-Alanine converted 





Additions to propionate* 

umole 
IRE Re ee eee ; 0.03 
L(+)-Lactate............. 0.02 
Ee ee A aa 0.25 
RI OR UIs ook os Uo no ewes aman 0.53 
pL-Serine . 0.16 
MI doo arose votes «oo 0.05 
ree 0.10 
pL-Alanine + a-ketoglutarate. .. 0.26 





*In similar experiments the product of 1-C'-6-alanine fer- 
mentation was identified as propionate by conversion of the 
steam-volatile product to the hydroxamate derivative followed 
by paper chromatography in the three solvent systems listed in 
Table I. The #, value in all three solvent systems was essen- 
tially identical to that of authentic propiohydroxamate. Further 
identification was obtained by use of gas-liquid partition chro- 
matography (24). 
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that the undialyzed extracts contain substrates whose oxidation 
or reduction can couple with the reduction or oxidation of the 
labeled substrates. 

Fig. 1 shows that the formation of propionate from -alanine 
is proportional to the amount of extract added. 

Activation by a-Ketoacids—The dialysis of crude extracts re- 
sults in the almost complete loss of their ability to catalyze the 
conversion of 8-alanine to propionate (Table IV) and to catalyze 
the deamination of §-alanine (Fig. 2); however, both activities 
can be restored by the addition of pyruvate or partially by a- 
ketoglutarate. Whereas the formation of propionate requires 
substrate amounts of pyruvate (or serine or a-alanine plus a- 
ketoglutarate), presumably for coupled oxido-reductions with 
B-alanine (Table IV), the deamination of 6-alanine requires only 
catalytic amounts of a-ketoacids. Thus, the addition of 0.1 
umole of a-ketoglutarate stimulated the release of 0.4 umole of 
ammonia above the base level, whereas the addition of 0.4 umole 
of pyruvate stimulated the release of 1.7 uwmoles of ammonia 
above the base level. At saturation levels of a-ketoglutarate 
the addition of pyruvate further stimulated the release of am- 
monia from 6-alanine; however, at saturation levels of pyruvate 
the addition of a-ketoglutarate had little effect on the rate of 
this process. 

Transamination—The catalytic action of a-ketoacids on the 
deamination of 8-alanine could be readily explained if these 
ketoacids undergo transamination and oxidative deamination 
reactions as follows: 


8-Alanine + pyruvate or a-ketoglutarate > 





malonic semialdehyde + a-alanine or glutamate ” 

a-Alanine or glutamate + DPN*+ + H.O > (2) 
DPNH + H* + pyruvate or a-ketoglutarate + NH; 

B-Alanine + DPN+ + H.0O > 3) 


DPNH + H* + malonic semialdehyde + NH; 


Efforts to demonstrate Reaction 1 directly with crude cell-free 
extracts were unsuccessful due presumably to the presence of a 
very strong glutamate dehydrogenase catalyzing Reaction 2 
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Fic. 2. Effect of a-ketoglutarate and pyruvate on the rate of 
B-alanine deamination. Each incubation contained triethanola- 
mine hydrochloride buffer pH 7.4, 50 umoles; 8-alanine, 10 umoles; 
dialyzed extract containing 8.5 mg of protein; and water to a 
total volume of 1.0 ml. Incubations were at 30° for 40 minutes. 
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However, qualitative evidence for transamination reactions be- 
tween B-alanine and pyruvate and between a-alanine and a- 
ketoglutarate was obtained when partially purified enzyme prep- 
arations were used. 

To prepare the enzyme, 15 ml of an undialyzed extract of C. 
propionicum, containing 34 mg of protein per ml, were treated 
with 2.4 ml of 2% protamine sulfate. After 15 minutes at 0° 
the suspension was centrifuged at 18,000 x g for 10 minutes. 
The residue was discarded and the supernatant solution was 
brought to 30% saturation with ammonium sulfate. After 10 
minutes the resulting suspension was centrifuged as above. The 
supernatant solution was then brought to 70% saturation with 
solid ammonium sulfate. The resulting precipitate was col- 
lected by centrifugation and dissolved in triethanolamine hydro- 
chloride buffer 0.05 m pH 7.4, containing 0.001 m GSH. The 
resulting solution contained 30 mg of protein per ml; 38% of the 
protein was in this fraction. 

For transamination studies, incubation mixtures were made 
to contain: triethanolamine buffer (pH 7.4), 30 umoles; amino 
acid, 6 wmoles; a-ketoacid, 10 wmoles; enzyme (30 to 70% am- 
monium sulfate fraction), 3 mg; and water to 0.6 ml. After 
incubating at 30° for 20 minutes, the reaction was stopped by the 
addition of 4 volumes of ethanol. After centrifugation to remove 
the protein, the supernatant solution was chromatographed on 
paper in ethanol-water-concentrated ammonia, 90:5:5, and the 
amino acids were located by staining with ninhydrin. In the 
solvent system used, glutamate, B-alanine, and a-alanine are 
readily separated (Rr = 0.07, 0.21, and 0.33, respectively). 
Incubation of B-alanine with pyruvate and a-ketoglutarate re- 
sulted in the formation of a-alanine and glutamate, respectively, 
as judged by the appearance of newly formed amino acids with 
Ry values of 0.32 and 0.09. By the same criteria, incubation of 


TaBLe V 
Dehydrogenases coupled to dye reduction 

Each incubation contained triethanolamine hydrochloride 
buffer pH 7.4, 50 umoles; DPN, 2.5 umoles; 2,3,5-triphenyltetra- 
zolium chloride, 2.5 mg; extract dialyzed once, overnight (Ex- 
periment A) or dialyzed a second time for 4 hours (Experiment B), 
containing 1.4 mg of protein; and water to a total volume of 0.50 
ml. Incubations were at 30° for 20 minutes (Experiment A) or 
10 minutes (Experiment B). The reactions were stopped with 
ethanol and the amount of reduced dye determined with a Klett- 
Summerson colorimeter with a No. 54 filter as described by Vage- 
los et al. (20). Lactate plus lactic dehydrogenase was run as a 
standard as described by these authors. 














Dye reduction 
Additions 
Experiment A | Experiment B 
umole umole 
Pyenelbs. cosdvs ciswwasd vi eucaadee 0.032* 
a-Ketoglutarate, 1 wmole.............. 0.014* 0 
pi-Alanine, 2 wmoles..............---. 0.145 0.018 
pL-Alanine, 2 pmoles; a-ketoglutarate, 

PN Sat weve rcs cae age Fee es 0.203 0.142 
pL-Glutamate, 2 wmoles............... >0.36 >0.40 
pL-Glutamate, 2 umoles, no DPN..... 0 
8-Hydroxypropionate, 2.4 umoles...... 0 0 








* A blank containing no substrate produced 0.073 umole of re- 
duced dye in Experiment A and 0.010 umole in Experiment B. 
These were subtracted to obtain the values given. 
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Fic. 3. Saturation curve for a-ketoglutarate in dye reduction 
by alanine. Each tube contained the same constituents listed in 
Table V. The enzyme was dialyzed twice. The conditions were 
the same but the reactions were stopped after 12 minutes. 


18 20 


DL a-alanine with a-ketoglutarate and of glutamate with pyru- 
vate resulted in the accumulation of glutamate and a-alanine, 
respectively. No new amino acids were formed unless enzymes, 
amino donor, and a-ketoacid were present simultaneously. 
These results constitute qualitative evidence for the occurrence 
of transaminations between §-alanine and pyruvate and between 
a-alanine and a-ketoglutarate. 

Dehydrogenases—Because of the high DPNH oxidase activity 
in extracts of C. propionicum, it has been found convenient to 
demonstrate dehydrogenase activity under anaerobic conditions 
by coupling with 2,3,5-triphenyltetrazolium chloride as a ter- 
minal electron acceptor. Diaphorase present in extracts of C. 
propionicum is also required as an intermediate electron carrier 
(20). Table V shows the amount of dye reduction obtained with 
several substrates in the presence of singly and doubly dialyzed 
extracts of C. propionicum. 

The data show that singly dialyzed extracts (Experiment A) 
catalyze dye reduction in the presence of added a-ketoglutarate, 
a-alanine, or glutamate. On the other hand, doubly dialyzed 
extracts (Experiment B) catalyze dye reduction in the presence 
of glutamate or in the presence of a mixture of a-alanine and 
a-ketoglutarate, but not when the latter two substances are 
added independently. Fig. 3 shows a saturation curve for dye 
reduction by alanine in the presence of increasing amounts of 
a-ketoglutarate. The data of Fig. 3 and of Experiment B in 
Table V appear significant for the interpretation that oxidative 
deamination of a-alanine is obligatorily coupled with trans- 
amination to a-ketoglutarate to form glutamate which finally 
undergoes oxidation by a DPN-dependent glutamate dehydro- 
genase. Although the dialyzable component in crude and singly 
dialyzed extracts, which permits dye reduction with added a- 
alanine only, has not been identified; it is presumed to be a- 
ketoglutarate. 

Formation of §$-Hydroxypropionate—Kinetic studies with 
dialyzed extracts show that the rate of ammonia formation 
closely parallels the rate of 8-alanine disappearance; however, 
ammonia formation is about 4 times greater than propionate 
formation (Fig. 4). In studies with B-alanine-1-C™ it was estab- 
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Fia. 4. Time curve of 8-alanine deamination and propionate 
formation. Each incubation contained triethanolamine hydro- 
chloride buffer pH 7.4, 50 wmoles; B-alanine-1-C', 10 umoles, 
232,000 c.p.m.; a-ketoglutarate, 5 uymoles; pyruvate, 10 umoles; 
dialyzed extracts containing 11.5 mg of protein; and water to a 
total volume of 1.0 ml. Incubations were at 30°. 6-Alanine 
disappearance was measured by radioactivity which passed 
through a 1.5 X 0.8 em column of Dowex 50-H* at pH 2. Pro- 
pionate formation is based on steam-volatile radioactivity. 


lished that the lack of stoichiometry between 8-alanine decom- 
position and propionate formation is due to the accumulation of 
a C-labeled nonvolatile acid. The product was present in the 
reaction mixtures after removal of the labeled amino acid on 
Dowex 50-H* (see legend to Fig. 4), and was identified as B- 
hydroxypropionic acid. Identification was achieved by showing 
that the labeled product and an authentic sample of 6-hydroxy- 
propionic acid have identical Rr values (0.49 and 0.25, respec- 
tively) when chromatographed on paper in solvent systems com- 
posed of ethanol-concentrated ammonia-water, 80:10:10 (25) 
and n-butanol-water-diethylamine, 100:15:1 (26). The prod- 
uct isolated from a paper chromatogram run in the former sol- 
vent was converted to the hydroxamic acid derivative! and the 
derivative was chromatographed on paper in the three solvent 
systems listed in Table I. The mobility in all three solvent 
systems was essentially identical with that of authentic B-hy- 
droxypropiohydroxamate. 

Further identification was made by converting the free acid 
to the p-phenylphenacy] ester as follows. To the radioactive 
product, 50,000 c.p.m., was added 90 mg of carrier sodium B- 
hydroxypropionate in 0.8 ml of water. Hydrochloric acid was 
added until the solution was slightly acid, followed by 1.6 ml of 
ethanol and 220 mg of p-phenylphenacylbromide. The mixture 
was refluxed for 2 hours, and the solid was collected by centrifuga- 
tion after cooling. The product was recrystallized from benzene 
to constant specific activity, m.p. 100-101° (uncor.). 


1 When attempts were made to convert the product, purified by 
passage over Dowex 50-H*, to the hydroxamic acid derivative, 
compounds other than 8-hydroxypropiohydroxamate were formed. 
However, even authentic 8-hydroxypropionate yielded the wrong 
derivative when mixed with this crude product. Therefore, the 
unknown was first purified by paper chromatography and then 
converted to the hydroxamic acid derivative. 


Propionic Acid Metabolism. V 


Vol. 235, No. 8 
C17H16O, 
Calculated: C 71.8, H 5.67 
Found: C 72.0, H 6.04 


Conversion of B-Hydroxypropionate to Propionate—Evidence 
that 8-hydroxypropionate is an intermediary in the conversion 
of B-alanine to propionate was obtained by showing that C™ 
labeled 6-hydroxypropionate? is converted to propionate by 
dialyzed extracts. The results of a typical experiment are 
summarized in Table VI. The data show that pyruvate is 
needed for this conversion. The C-labeled propionate formed 
was isolated by steam distillation of the acidified reaction mix- 
ture; for identification, the isolated, free acid was converted to 
the hydroxamate and was compared with authentic propiohy- 
droxamate by chromatography in Solvents A and C (Table I). 

In the experiment illustrated in Table VI and in another ex- 
periment, it was found that the rate of conversion of 6-hydroxy- 
propionate to propionate approximately equaled the rate of 
conversion of 6-alanine to propionate, as would be expected in 
the sequence: 6-alanine — — 6-hydroxypropionate — — pro- 
pionate where the second conversion is rate limiting. 

Participation of CoA in B-Hydroxypropionate Metabolism—In 
view of the evidence previously presented (3) indicating that 
acrylyl-CoA and propionyl-CoA are intermediates in the terminal 
steps of propionate formation by extracts of C. propionicum, it 
seemed likely that the further metabolism of 6-hydroxypro- 
pionate involves the formation of acrylyl-CoA. The conversion 
of 8-hydroxypropionate to acrylyl-CoA could occur either by 
dehydration of the unesterified compound to form acrylate, 
followed by conversion of the latter compound to acrylyl-CoA 
(Reaction 4), or it could involve formation first of 6-hydroxy- 
propionyl-CoA, followed by dehydration of the CoA ester (Reac- 
tion 5). 


6-Hydroxypropionate 80 , acrylate (4) 
™* 
\+CoA 
\ 
acrylyl-CoA 


| -H.0 
: +CoA : 
B-Hydroxypropionate—————>  6-hydroxypropionyl-CoA (5) 


To determine whether or not either 6-hydroxypropionate or 
acrylate could give rise to acrylyl-CoA, advantage was taken 
of the fact that extracts of C. propionicum contain an enzyme 
that catalyzes the amination of acrylyl-CoA to form -alanyl- 
CoA (4), Reaction 7. Thus, the formation of acrylyl-CoA in 
the presence of added ammonia should lead to the accumulation 
of B-alanyl-CoA which, upon hydrolysis, gives B-alanine; the 
latter compound can then be measured by standard amino acid 
procedures. The data presented in Table VII are from an ex- 
periment showing that 6-alanine is formed when acrylate is 
incubated with dialyzed extracts, supplemented with acetyl-CoA 
and ammonia. 

B-Alanine was identified by paper chromatographic comparison 
with authentic B-alanine in three solvent systems: n-butanol- 
pyridine-water, 1:1:1, Ry 0.28; ethanol-water-concentrated 
ammonia, 90:5:5, Rr 0.27 (27); methyl ethyl ketone-propionic 
acid-water, 75:25:30, Rp 0.53 (28). 


2 The C'4-labeled 8-hydroxypropionate used for these studies 
was a sample isolated as a product of B-alanine deamination in the 
previously described experiments. 
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TaBLe VI 
Conversion of B-hydroxypropionate to propionate 

Each incubation contained triethanolamine hydrochloride 
buffer pH 7.4, 50 uzmoles; 8-hydroxypropionate, 6 uwmoles, 37,500 
c.p.m.; pyruvate, 10 umoles; dialyzed extract containing 12 mg of 
protein; and water to a total volume of 1.0ml. Incubations were 
at 30° for 265 minutes. Propionate formation is based on steam 
volatile radioactivity. 
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TaBLe VII 
Activation of acrylate 

The complete system contained triethanolamine hydrochloride 
buffer pH 7.5, 100 umoles; acrylate, 10 zmoles; ammonium chlo- 
ride, 50 umoles; acetyl-CoA, 0.5 umole; dialyzed extract contain- 
ing 5 mg of protein; and water to a total volume of 0.5 ml. In- 
cubations were at 30° for 120 minutes. Amino acid was then 
determined as described above. 














Propionate formed 8-Alanine formed 
umoles pmoles 
CoB 330. 24 NE Oe Pe CommmbasG puma 3220 i os i hos vie oie ts 6.9 
CR OI id os oie ic hseiiccesawococebee 0.21 Cian GOERS... . bs 0 cin Wana Can Dac eb ae 0.1 
Omit SoseFIGe A ol625)53) Gas ok teaver een 0.6 
Omit ammonium chloride. .................. 0 
It can be seen from Table VII, that acetyl-CoA acts catalyti- 


cally in this system. The accumulation of more than stoichio- 
metric amounts of free 6-alanine indicates the operation of a 
cyclic process in which the thiolester energy is conserved through 
a transfer of the thioalkyl group from f-alanyl-CoA to either 
acetate or acrylate. The results can be formulated by either 
of the following two reaction mechanisms: 





I. Acetyl-CoA + acrylate — acrylyl-CoA + acetate (6) 
Acrylyl-CoA + NH; — £6-alanyl-CoA (7) 
B-Alanyl-CoA + acetate — acetyl-CoA + §-alanine (8) 

(sum) Acrylate + NH; — @-alanine (9) 
II. Acrylyl-CoA + NH; — 6-alanyl-CoA (10) 


B-Alanyl-CoA + acrylate — acrylyl-CoA + 6-alanine (11) 





(sum) Acrylate + NH; — @-alanine (12) 


The catalytic amount of acrylyl-CoA needed in Mechanism II 
would be derived from acetyl-CoA by Reaction 6. In view of 
the fact that repeated attempts to obtain experimental support 
for Reaction 8 have given negative results (5), Mechanism II 
appears more likely to be correct. 

Similar results showing the formation of B-alanine from {- 
hydroxypropionate are shown in Table VIII. Since the rate of 
8-alanine formation from acrylate is much greater than from 
B-hydroxypropionate (Fig. 5), it is not possible from kinetic 
considerations to differentiate between Reactions 4 and 5. How- 
ever, results from preliminary experiments that will not be de- 
scribed in detail indicate that acetyl-CoA is required for the con- 
version of free acrylate to B-hydroxypropionate. Therefore, it 
is probable that the metabolism of B-hydroxypropionate involves 
its preliminary esterification to the CoA derivative as indicated 
by Reaction 5. 


DISCUSSION 


A mechanism for the deamination of B-alanine to form £- 
hydroxypropionate, based on the results reported in this paper, 
is shown in Fig. 6. It is postulated that the amino group of 
B-alanine is transferred to pyruvate to yield a-alanine, which 
then transaminates with a-ketoglutarate to regenerate pyruvate 
and to produce glutamate. Glutamate is then oxidized by 


3In other experiments of this type with extracts prepared at 
different times, it was found necessary to treat the extracts one 
or two times with charcoal in order to demonstrate an effect with 
acetyl-CoA; 17 mg of charcoal were added per ml of enzyme con- 
taining 26 mg of protein. 


XUM 





TaBe VIII 
Activation of B-hydroxypropionate 
The complete system contained triethanolamine hydrochloride 
buffer pH 7.4, 100 umoles; 6-hydroxypropionate, 10 ~zmoles; am- 
monium chloride, 50 uwmoles; acetyl-CoA, 0.33 umole; dialyzed 
extract containing 4 mg of protein; and water to a final volume of 
































0.5 ml. Incubations were at 30°, for 90 minutes. Amino acid 
was then determined as described above. 
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Fic. 5. Rates of conversion of acrylate and §-hydroxypropio- 
nate to B-alanine. Each tube contained triethanolamine hydro- 
chloride buffer pH 7.4, 100 umoles; acrylate or 6-hydroxypropio- 
nate, 10 umoles; acetyl-CoA, 0.33 umole; ammonium chloride, 50 
umoles; dialyzed extract containing 4 mg of protein; and water to 
a total volume of 0.50 ml. Incubations were at 30°. Amino acid 
was determined as indicated above. 


glutamic dehydrogenase in the presence of DPN to yield a- 
ketoglutarate, DPNH, and ammonia. This oxidation is coupled 
with reduction of the postulated product of A-alanine trans- 
amination (i.e. malonyl semialdehyde or a suitable derivative 
thereof) to form 6-hydroxypropionate. 
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B-ALANINE FERMENTATION 
C. PROPIONICUM 
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Fig. 6. Pathway for the conversion of f-alanine to propionate 


Several lines of evidence support this mechanism: the catalytic 
activity of both pyruvate and a-ketoglutarate in the deamina- 
tion of B-alanine, the presence of an alanine-glutamate trans- 
aminase and a glutamic dehydrogenase in these extracts, the 
catalytic activity of a-ketoglutarate in dye reduction by alanine. 

Although malonyl semialdehyde is indicated as the expected 
product of 8-alanine transamination with pyruvate, to date, all 
attempts to demonstrate the formation of this intermediate 
have been equivocal. Several types of trapping experiments 
have been attempted with the use of radioactive B-alanine. In 
no case did the pool of malonyl semialdehyde added to the incu- 
bations contain the expected amount of radioactivity. Inter- 
pretation of these experiments suffers from the difficulty that the 
concentrations of malonyl semialdehyde added to the incubation 
mixtures inhibited B-alanine deamination 70 to 90%. 

As shown in Table V, an attempt was made to demonstrate a 
B-hydroxypropionate dehydrogenase, which would be present 
if the conversion of B-alanine to 6-hydroxypropionate involved 
reduction of free malonyl semialdehyde to 6-hydroxypropionate. 
The results of this assay were also negative. Attempts to dem- 
onstrate DPN reduction in the presence of 6-hydroxypropionate 
and dialyzed extract, or DPNH oxidation in the presence of 
malonyl semialdehyde and dialyzed extract also yielded negative 
results. These negative findings suggest that free malonyl 
semialdehyde is not an intermediate in the conversion of B- 
alanine to §-hydroxypropionate. An alternative mechanism 
would involve the formation and reduction of enzyme-bound 
malonyl semialdehyde. An unequivocal answer to this question 
will probably require further purification of the enzymes in- 
volved. 

Nishizuka et al. (29) have demonstrated the stoichiometric 
formation of malonyl semialdehyde in a transamination between 
B-alanine and pyruvate catalyzed by a partially purified enzyme 
preparation from Pseudomonas sp. (No. 23). It is of interest 
that these authors also find that 6-alanine transaminates directly 
with pyruvate and not with a-ketoglutarate. 

On the basis of inhibition studies with hydroxylamine and 
isonicotinic acid hydrazide, Severin and Wei-Min (30) have also 
postulated a similar mechanism for B-alanine deamination in rat 


kidney tissue, involving a double transamination, first to pyru- 
vate and then to a-ketoglutarate. 

Fig. 6 also outlines the remaining steps in the sequence of 
reactions leading from 8-alanine to propionate. Evidence for the 
intermediary roles of 6-hydroxypropionyl-CoA and acrylyl-CoA 
is still indirect, but is adequate for the tentative inclusion of 
these compounds in the reaction scheme as indicated. The final 
reduction of acrylyl-CoA to propionyl-CoA has been established 
by previous studies (3). 

According to the postulated reaction scheme in Fig. 6, pyru- 
vate has a key role in the metabolism of B-alanine. It has a 
catalytic function in the deamination of B-alanine (see Fig. 2) 
and is required also for the further dissimilation of 8-hydroxy- 
propionate. In the latter role, it serves a 2-fold function: (a) 
Pyruvate oxidation provides electrons needed for the reduction 
of acrylyl-CoA to propionyl-CoA; (6) the acetyl-CoA derived 
from pyruvate oxidation is used for the initial activation of p- 
hydroxypropionate to form 6-hydroxypropionyl-CoA. 

The reaction catalyzed by acrylyl-CoA aminase is also shown 
in Fig. 6. Since extracts of C. propionicum contain enzymes 
that catalyze both the amination and reduction of acrylyl-CoA, 
competition between these two reactions probably exists in the 
living cell during fermentation of B-alanine. The balance must 
be in favor of reduction, since propionate is an end-product of 
this process. Vagelos et al. (5) have discussed possible roles for 
B-alanyl-CoA in synthetic reactions. As yet, no definite func- 
tions can be assigned to the enzyme acrylyl-CoA aminase which 
these authors have found in high concentrations in C. propioni- 
cum grown on #-alanine. 

A series of papers by Coon and co-workers (22, 31, 32) has 
presented evidence for the occurrence in animal tissues of reac- 
tions leading from acrylyl-CoA to B-alanine via B-hydroxypro- 
pionyl-CoA, 8-hydroxypropionate, and malonyl semialdehyde. 
Presumably, acrylyl-CoA arises from propionyl-CoA. How- 
ever, propionate is predominantly metabolized in animal tissues 
through a dicarboxylic acid pathway, which Flavin and Ochoa 
(33) have shown to involve the intermediates methylmalonyl- 
CoA and succinyl-CoA. 

Recent work on the metabolism of an anaerobic Micrococcus, 
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strain LC, isolated from sheep rumen, which differs from C. 
propionicum in that it synthesizes higher fatty acids in addition 
to acetate and propionate and contains hydrogenase, indicates 
that propionate synthesis from lactate by this organism also 
proceeds by direct reduction and that activation of lactate 
and/or acrylate occurs as part of this process in cell-free extracts 
(34, 35). These authors find that coupling between reduction of 
acrylate to propionate and oxidation of lactate to acetate plus 
carbon dioxide takes place in dialyzed extracts from this organ- 
ism. ‘These results parallel the finding reported here for C. 
propionicum on coupling between #-alanine reduction and pyru- 
vate oxidation, and indicate similarities in the metabolism of 
these two organisms. 


SUMMARY 


The formation of propionic acid from B-alanine is catalyzed by 
cell-free extracts of Clostridium propionicum grown on §-alanine. 
The deamination of B-alanine by extracts occurs at a rate several 
times greater than the rate of formation of propionate. The 
deamination product, which accumulates, has been isolated and 
identified as B-hydroxypropionate. Catalytic amounts of pyru- 
vate and a-ketoglutarate are required for the deamination of 
B-alanine. The presence of a glutamate dehydrogenase and an 
alanine-glutamate transaminase and the absence of an alanine 
dehydrogenase have been demonstrated. These findings suggest 
that the amino group of 6-alanine is transaminated to pyruvate, 
thence to a-ketoglutarate, and is then released as free ammonia 
by glutamate dehydrogenase. No evidence could be obtained for 
the formation of malonyl semialdehyde. 

The reduction of 8-hydroxypropionate to propionate is cata- 
lyzed by these extracts. Evidence is presented which indicates 
that acrylyl-CoA is an intermediate in this reduction. The 
reduction of acrylyl-CoA to propionyl-CoA has previously been 
shown to be catalyzed by extracts of C. propionicum (3). 
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The fate of hydrocortisone in man has been extensively studied 
(1-7) but the quantitative aspects of the transformation to its 
many metabolites in individual normal subjects leave much to 
be desired (8-16). This study reports the metabolism of an 
intravenous dose of hydrocortisone-4-C™ in five normal male 
subjects and of an oral dose in one of these subjects. The 
metabolites'—cortol, f-cortol, cortolone, $-cortolone, THE, 
THF, and ATF, HO-E, 11-OE, and HO-A—have been studied 
in five subjects by reverse isotope dilution and paper chromatog- 
raphy. The 5a-H epimers of the cortols and cortolones were 
recently synthesized (17). They have been named allocortol 
(allopregnane-3a, 118 ,17a,20a,21-pentol) and allocortolone (11- 
ketoallopregnane-3a ,17a,20a,21-tetrol) and their 208-hydroxy 
epimers, #-allocortol and #-allocortolone, respectively. The 
transformation of hydrocortisone-4-C“ to these 5a-H steroids 
has been studied in one subject, and their isolation after a large 
dose of nonisotopic cortisone is reported. The radioactive 
studies afford a more precise knowledge of the quantitative rela- 
tionships than hitherto available and, more important perhaps, 
establish the validity of methods by means of which information 
on these problems may be readily obtained. The results furnish 
further a basis for comparison of hydrocrotisone metabolism in 
the normal man with that found in different abnormal or patho- 
logical conditions. 


EXPERIMENTAL PROCEDURE 


Three normal, healthy men (Subjects G, B, and T) employed 
in the Institute, a postoperative patient (Subject C) who had 
carcinoma of the larynx, and a patient (Subject M) with multiple 
sclerosis, considered normal for the purpose of this study, were 
examined in this study. 

Approximately 0.25 mg of hydrocortisone-4-C“ containing 
1.15 X 10° c.p.m. was dissolved in a small amount of ethanol 
and this was mixed with 120 g of 5% glucose solution immediately 
before administration.2, A weighed amount of this solution was 


* This investigation was supported in part by a grant from the 
American Cancer Society and a research grant (CY-3207) from 
the National Cancer Institute of the National Institutes of Health, 
United States Public Health Service. 

1 The abbreviations for the hydrocortisone metabolites used 
are: cortol, pregnane-3a,118,17a,20a,21-pentol; 8-cortol, preg- 
nane-3a,118,17a,208,21-pentol; cortolone, 11-ketopregnane-3a, 
17a,20a,21-tetrol; §-cortolone, 11-ketopregnane-3a, 17a, 208, 21- 
tetrol; THE, 3a,17a,21-trihydroxypregnane-11,20-dione; THF, 
3a, 118, 17a, 21-tetrahydroxypregnane-20-one; ATF, 3a,118,17a, 
21-tetrahydroxyallopregnane-20-one; HO-E, 3a,118-dihydroxy- 
etiocholane-17-one; 11-OE, 3a-hydroxyetiocholane-11,17-dione; 
and HO-A, 3a, 118-dihydroxyandrostane-17-one. 

2? Hydrocortisone-4-C'* was obtained from the Endocrinology 


infused intravenously over a period of 30 minutes and a weighed 
portion of the solution was analyzed for C. The precise amount 
of radioactivity administered was calculated from these two 
figures. One subject received the labeled hormone in 50% 
ethanol orally. The total activity administered to each subject 
is recorded in Table I. All radioactivity measurements were 
made on “infinitely thin’ samples with a Tracerlab SC-50 win- 
dowless counter. 

The urine from each subject was collected for two 24-hour 
periods after the administration of hydrocortisone-4-C“. The 
radioactivity excreted during this period is recorded in Table I. 
Hydrolysis of the conjugated metabolites was achieved in the 
customary manner employed in these laboratories (18). In 
brief, the urines were adjusted and buffered to pH 5, incubated 
at 37° for 5 days with 300 units of 8-glucuronidase* per ml of 
urine, and continuously extracted with ether at pH 1 for 48 
hours. The neutral steroids were separated in the usual manner 
(18). In three subjects (T, C, and M) the aqueous and alkaline 
washes used in the preparation of the neutral steroid fractions 
were combined with the extracted urines. The combined solu- 
tions were made 1 N with sulfuric acid and continuously ex- 
tracted again with ether for 48 hours. Neutral steroids were 
then obtained in the usual manner. In one subject (G, oral and 
intravenous) the urines after Ketodase and extraction of the 
released neutral steroids were combined with the alkaline washes 
adjusted and buffered to pH 5 and were again incubated with 
the enzyme. Neutral steroid fractions were again prepared in 
the usual manner after the second enzyme hydrolysis. The 
amount of radioactivity of these extracts is reported in Table I. 

Quantitative Analysis of Metabolites by Reverse Isotope Dilution 
—Two aliquots each containing 10% of the neutral steroid radio- 
activity were employed for analysis. To one were added ap- 
proximately 30 mg (Table II) each of carrier THE, THF, cort- 
olone, and cortol. The mixture was chromatographed on 120 
g of Celite 545. The column was prepared with the Solvent 
System A, benzene-cyclohexane-methanol-water (1:1:2:2), ac- 
cording to the method previously described (19). The steroid 
mixture was stirred with 10 g of Celite containing the lower phase 
and placed on top of the packed column. The chromatogram 
was developed at 25° with 400 ml of the upper phase of System A, 
followed by elution with 1000 ml of Solvent System B, benzene- 
methanol-water (1:1:1), at a rate of 10 ml per 30 minutes per 





Study Section of the National Institutes of Health, United States 
Public Health Service. 

3 Ketodase, obtained from Warner Chilcott Laboratories, a 
division of Warner Lambert Pharmaceutical Company, New York, 
New York. 
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fraction. Elution with Solvent System C, benzene-methanol- 
water-ethyl acetate (1:1:1:0.1), at the same rate gave excellent 
separation of THE, THF, and cortolone. Cortol was eluted 
with large volumes of Solvent System D, benzene-methanol-water- 
ethyl acetate (0.7:1:1:0.3). A typical separation of the steroids 
is shown in Fig. 1. The beginning and end of the elution of the 
carrier steroids from the column can readily be seen from the 
amount of crystalline material remaining in the tubes after re- 
moval of the solvents. The chromatogram was further checked 
by examination of the initial and final crystalline fractions of 
each carrier eluted by means of paper chromatography in a suit- 
able solvent system. These fractions were generally uncontami- 
nated with other carrier steroids. The intervening fractions 
were then combined, filtered, and recrystallized from appropriate 
solvents until constant specific activity had been achieved for 
the free steroid. Each compound was then acetylated and again 
recrystallized as a check upon the constant specific activity of 
the free compound. In most instances this final step of purifi- 
cation of the derivative was found to be unnecessary. However, 
cortolone, which is eluted from the column together with its 
epimer 6-cortolone, cannot readily be purified to constant specific 


TaBLeE I 
Metabolism of hydrocortisone-4-C'4 in normal men 
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activity by recrystallization. Fortunately, the 20a-epimer of 
this pair can be easily separated from its isomer by recrystalliza- 
tion of the triacetates. The reverse situation, that is the purifi- 
cation of B-cortolone from trace amounts of cortolone, can be 
achieved by recrystallization of the free steroid from methanol. 
The separation of cortol from trace contamination with B-cortol 
was effected by repeated recrystallizations. The triacetate of 
cortol does not crystallize well and for this reason it was not 
feasible to purify the derivative. On the other hand, 8-cortol 
in carrier quantities could be separated from small amounts of 
radioactive cortol without difficulty. 

To the other 10% portion of the neutral steroid extract were 
added approximately 30 mg each of carrier HO-E, 11-OE, 8-cor- 
tolone, and 6-cortol. The mixture was chromatographed on 120 
g of Celite 545 as above. The two 17-ketosteroids were eluted 
with 700 ml of Solvent System A and were separated by rechro- 
matography on silica gel containing ethanol as described earlier 
(20). After System A, 500 ml of System B were percolated 
through the column. Then with System C at a rate of 10 ml 
per 30 minutes per fraction, B-cortolone was obtained. §-Cortol 
was eluted in the same manner with System D. 

Analysis by reverse isotopic dilution for ATF was carried out 
in one extract (G, intravenous). Carrier ATF as well as HO-E 
and 11-OE was added to an aliquot of the neutral steroid ex- 











tract. Chromatography on Celite was performed in the manner 
Subject* described above. In order to minimize contamination of ATF 
suas ;.____ by either of the other “tetrahydro” metabolites, only the middle 
BQ | TGs | COM G8 fractions of the eluted ATF were used for the specific activity 
Oral | Intra-| sntra- Rensnead | So measurement by crystallization and purification of a derivative. 
aps 4 ew The amounts of the metabolites measured, expressed in per cent 
ediesisieh bie’ sain. of the neutral steroid extract are reported in Table III. 
peter oon tlie ml 16.90/10.85}11.10| 9.38|14.20 10.30 -. Quantitative Analysis of Metabolites by Paper Chromatography— 
First day after dose Cylindrical glass tanks 120 cm high and 30 cm in diameter made 
ee ENE Tey ee Tek 13.5 | 8.35] 7.95| 7.14) 9.25, 8.04 to order by Corning Glass Works were used. The stand and 
Neutral steroid extract after trough were similar to those normally used for smaller tanks. 
SIE Soccer 8.68) 5.14) 7.33) 5.33) 8.35 4.60 Strips 17.5 x 118 cm of Whatman No. 1 paper were cut to these 
Rehydrolysis with enzyme.| 0.81) 0.49 dimensions through the courtesy of Eugene Dietzgen Company, 
1 n Acid continuously Inc. 
ether extracted......... 0.22) 0.21) 0.38 The 17.5 X 118 cm sheet was cut out to give 3 strips with a 
Second day after dose | 3.8 cm wide middle strip. An aliquot of the neutral steroid 
___* tasedepns nti het gminiee 0.80| 0.31| 0.34] 0.22] 0.70| 0.87 °° ©™ Wide mice sirip. pone wearin irenssnieeseneg: idl 
______ tract: containing approximately 80,000 c.p.m. was streaked across 
* Values given as c.p.m. X 10° . the starting line of the middle strip. On the starting line of the 
TABLE II 
Reverse isotope dilution analysis of hydrocortisone metabolites 
Subject G (oral) 8.68 x 104 Subject G (intravenous) 7.70 X 10*) Subject B (intravenous) 7.33 X | Subject C (intravenous) 8.35 x 10* 
c.p.m. used c.p.m,. used 10* c.p.m. used c.p.m. used 
Cabot | Siiemy | sects | Gidea’ |sktieity| azaetty | Gaga’ |SStvee| seteey | Sua’ | Sime] See 
mg. c.p.m./ c.p.m. mg. | c.p.m./ C.p.m. meg c.p.m./ C,p.m. me c.p.m./ c.p.m. 
mg | mg. mg. mg. 
OG, 6.52420 cece 28.8 60 1,700 31.6 28 900 31.7 62 2,000 
Eo) eer 30.6 278 8,500 | 41.3 47 1,900 
Cortolone. .. 2... ......6% 31.0 316 9,800 30.3 248 7,500 31.3 318 9,900 
8-Cortolone............ 29.7 303 9,000 30.5 217 6,600 
ee rare es 29.8 580 17,200 29.7 359 10,600 30.9 590 18,200 
(lg aac Rigs «| 35.3 | 176 | 6,200 
| en ae 30.5 598 18,300 36.8 610 22,400 31.9 525 16,700 
HO-E 31.2 57 1,800 37.2 120 4,500 34.6 124 4,300 
ee PS Pre Pe 30.4 34 1,000 | 35.6 | 84 | 3,100 | 33.9 | 135 4,600 
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THE THF CORTOLONE CORTOL separated in the chromatograms on paper under the conditions | gmall di 
1 eer i! 1, git + of the experiments. Therefore a reverse isotope dilution analysis to som« 
ce) 100 200 300 400 500 600 was performed on each of these pairs. Approximately 30 mg of rated ir 
8 Xp 8-cortol were added to the radioactive cortol area and recrystal- during’ 
FRACTION NUMBER lized to constant specific activity. The total radioactivity due Reve 
Fie. 1. A typical separation of hydrocortisone metabolites on to the 6-epimer was calculated from the specific activity and the _greas ¥ 
Celite partition chromatogram (10 ml per fraction per 30 minutes) arrier added. The percentage of the neutral steroid extract mg anc 
Pe ctively.\ PPSF Phase of Solvent Systems B, C, and D, re- Gb tained in this manner is recorded in Table III in the column results 
R.I.D. £-Cortolone present in the cortolone areas on the paper Alloc 
outer strips was placed a mixture containing 50 ug each of cortol, che omatograms was also determined - the same manner. In (838,00 
cortolone, THF, ATF, and THE. The paper was then equili- One Sublect, T, the 20a-epimer was determined instead of B-cor- sate 
3 rey one. chrome 
iggeerige tans etond p chess govagt speciale ae A check on the validity of the estimates of THE and THF Two 3. 
upper phase. The outer strips were stained with phosphomolyb- obtained by paper chromatography was made in the following scanne 
dic acid to locate the reference steroids. The middle strip was ‘®Y- To the radioactive eluates from the area corresponding contalr 
cut into several segments according to the location of the refer- these metabolites approximately 30 mg of the pure carrier the ra 
ence steroids. The separated areas of radioactivity on each seg- steroids were added. Recrystallization to constant specific ac- The al 
ment were located with an Aquebogue chromatogram scanner tivity followed by acetylation and recrystallization of the deriva- The 
coupled with a Nuclear 1620 rate meter and a Brown mv. re- tive showed that the radioactive areas contained from 90 to 95% equal} 
corder. The scanning time rate was usually set at 8 mm per of the steroid that was presumed. present from its mobility in the the ot! 
minute. A typical curve obtained from the scanning of the system employed. Therefore, it is apparent that no other metab- _allocor 
paper chromatogram of the neutral steroid extract of subject G, olite of the injected hormone was present in the aie of the 9.4 mg 
oral, is shown in Fig. 2. With the use of the stained reference chromatogram characteristic of the compounds examined. The  8-cort 
steroids and the plot of the radioactivity as guides, the areas crystal 
corresponding to the individual steroids were cut, eluted and mg of 
counted. The results obtained by this method calculated as per ws THE THF | CORTOLONES obtain 
cent of the neutral steroid fraction, are recorded in Table III. < tolone 
The effluent obtained from the long paper with System C was © paper 
counted and rechromatographed with the system, toluene-pro- = ATHF CORTOLS The 
pylene glycol, on 17.5 X 55 cm paper in a similar manner for 32 5 E F pagers 
hours in order to measure the amount of HO-E and HO-A. In o thin st 
turn, the effluent from this paper was rechromatographed on an- ‘dhoDornoebonnbroe te 
other 17.5 & 55 cm paper in cyclohexane: toluene (1:1)-propylene DISTANCE FROM ORIGIN (CM) sir 
glycol in order to separate and measure 11-OE. The results are Fig. 2. Chromatographic mobility on paper of hydrocortisone- io 0 
recorded in Table ITT. 4-C'4 metabolites in neutral steroid extract of subject G, oral. 
The C-20 epimers of the cortols and the cortolones were not Solvent System C, 28 hours. te 
TaBLe III crysta 
Comparison of conversion of hydrocortisone-4-C" to its metabolites by reverse isotope dilution and paper chromatography culati 
% neutral steroid extract 7 
Subject G | Subject B Subject T Subject C | Subject M The 
| 8 pap 
Oral | Intravenous Intravenous | Intravenous Intravenous} Intravenous were 
] | | | 20a-e 
R.LD.* | P.C.t R.L.D.* P.C.t | R.LD.* P.C.t | RILD.* P.C.t R.LD.* P.C.t oom 
) ¢.p.m 
MOUS « SP euik a0.kas soo css 2.0 1.2 2.4 
Ra 2.5555 435.) 9.8, 9.8t wont it } 78 | 96 = | 2.3t ae 2.0t as — 
COMIN. hou. sr 11.3 | 10.3 || a 12.2t 11.9 ; 
6-Cortolone............ | 10.3, 9.8f es 9.0t 19.8 | 9.0 |f 19.5 | 22.3 5.7t 14.0 in B-t 
(cn iy apc a aD 19.8 20.2 17.4 | 14.5 | 14.1 | | 16.7 | 21.8 18.0 Th 
SN ch dn dh tN elbice Soins ack | 9.3 8.1 Oe tH | 15.2 10.2 on 6} 
, ee oe 21.0 19.5 19.5 30.7 | 28.6 | 29.4 20.0 24.4 as be 
_., aera. 2.6 1.8 5.8 3.5 | 5.8 | 5.1 0.8 6.1 Sen 
ee 1.0 0.8 | gee 1.4 0.7 lone, 
SE SRR emer kee 1.1 1.0 4.0 46 | €.2 ) 6.7 14 2.2 gave 
OCostioune. .005....6..06. 1.2t 2:2 1.7 ns 
Hydrocortisone......... 0.8f 2.0 1.9 | 2.0 ies 
* Reverse isotope dilution. Tt 
t Paper chromatography 118 cm paper, System C, 28 hours. on 8 
t Reverse isotope dilution of papergram area. essec 
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_ small discrepancy between the two estimates is undoubtedly due 


to some destruction of the very small amount of steroids sepa- 
rated in the chromatogram by constant exposure to air and light 
during the interval of scanning, elution and counting. 

Reverse isotope dilution of the cortisone and hydrocortisone 
areas was done in one subject (G, oral) by the addition of 38.6 
mg and 37.8 mg of carrier cortisone and hydrocortisone. The 
results are reported in Table III. 

Allocortols and Allocortolones. Radioactive Studies—A portion 
(338,000 c.p.m.) of the neutral steroid extract of subject G, oral, 
was applied on the starting line of two 17.5 55 cm papers and 
chromatographed in Solvent System C for 28 hours (Table IV). 
Two 3.8 cm wide strips were cut lengthwise from each paper and 
scanned for radioactivity in the Aquebogue scanner. The areas 
containing allocortols were eluted and combined with the use of 
the radioactivity and position of reference steroids as guides. 
The allocortolone areas were similarly eluted and combined. 

The solution containing the allocortols was divided in two 
equal portions. To one 9.8 mg of allocortol were added, and to 
the other 15.1 mg of B-allocortol. The solution containing the 
allocortolones was also divided into two equal portions. To one 
9.4 mg of allocortolone were added, and to the other 19.6 mg of 
6-cortolone. {-Allocortolone has not as yet been obtained in 
crystalline form and therefore a 10% aliquot of a solution of 196 
mg of oily B-allocortolone was used. The free compound was 
obtained by the alkaline hydrolysis of pure crystalline 8-allocor- 
tolone 3,20,21-triacetate and was shown to be homogeneous by 
paper chromatography. 

The fraction with carrier allocortol was chromatographed on 6 
papers (17.5 X 55 em) in Solvent System C for 65 hours. A 
thin strip was cut lengthwise from each paper and stained with 
phosphomolybdiec acid. In order to minimize contamination by 
-cortol, the more polar portions corresponding to the reference 
area stained with phosphomolybdic acid were eliminated. Elu- 
tion of the remainder of the area afforded 8.5 mg of material. 
Recrystallization from methanol-ethy] acetate yielded 4.4 mg of 
allocortol, m.p. 229-230°; 82 c.p.m per mg. After another re- 
crystallization, the specific activity was 77 c.p.m. per mg. Cal- 
culation based on the average specific activity, 80 c.p.m. per mg, 
showed that there was a total activity of 1,600 c.p.m. in allocortol 
or 0.5% of the neutral steroid extract. 

The fraction with carrier B-allocortol was chromatographed on 
8 papers (17.5 X 55 cm) in System C for 65 hours. The papers 
were processed in a manner similar to that described for the 
20a-epimer and yielded 11 mg of material. Recrystallization 
from methanol-ethyl acetate yielded 7.5 mg of B-allocortol, 74 
c.p.m. per mg. After further purification the specific activity 
was 76c.p.m. permg. Calculations based on the average specific 
activity indicated that there was a total activity of 2,260 c.p.m. 
in B-allocortol or 0.7% in the neutral steroid extract. 

The fraction with carrier allocortolone was chromatographed 
on 6 papers in System B for 65 hours. The papers were processed 
as before and 7.7 mg of product were obtained. Recrystalliza- 
tion from methanol-ethyl acetate afforded 5.3 mg of allocorto- 
lone, m.p. 262-266°, 56 c.p.m. per mg. Further purification 
gave crystals with 48 c.p.m. per mg. Basing the calculations on 
the average specific activity there was a total of 960 c.p.m. in 
allocortolone or 0.3% of the neutral steroid extract. 

The fraction with carrier B-allocortolone was chromatographed 
on 8 papers in System B for 65 hours. The papers were proc- 
essed as above to give 11 mg of an oil, which was acetylated. 
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TaBLe IV 
Chromatographic mobility on paper of glycerol side chain metabolites 
of hydrocortisone 
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Recrystallization from methanol yielded 5.2 mg of B-allocortolone 
3,20,21-triacetate, 10 c.p.m. per mg. Another recrystallization 
yielded the steroid devoid of radioactivity. 

Isolation Studies after Cortisone Administration—Two normal 
men were each given orally 500 mg of cortisone acetate per day. 
The urine was collected for 3 days during administration and 
processed by 8-glucuronidase hydrolysis and ether extraction in 
the usual way. The neutral steroid fraction obtained from the 
ether extract was separated into ketonic and nonketonic frac- 
tions. Of the latter fractions from each subject, 80%, repre- 
senting 2.4 g of administered cortisone, was combined and chro- 
matographed on 160 g of silica gel containing 64 ml of ethanol. 
Elution with 7% and 10% ethanol in chloroform afforded 370 
mg of material (Fraction A) which contained cortolone as judged 
by paper chromatography. Further elution with 15% and 25% 
ethanol in chloroform afforded 193 mg of material (Fraction B) 
containing cortol and allocortol as judged by paper chromatog- 
raphy. 

Fraction A was rechromatographed on 130 g of Celite 545 as 
described in an earlier paper (19). The column was eluted with 
200 ml of Solvent System B in one fraction and then at the rate 
of 10 ml per fraction per one-half hour with the same solvent 
system. Fractions 150 and 200 contained THF, Fraction 235 
allocortolone, and Fraction 310 contained cortolone. The frac- 
ions from 230 to 315 were combined (5 mg) and chromato- 
graphed on Whatman No. 3MM paper in Solvent System C for 
24 hours. The allocortolone area was eluted to give 3 mg of 
material. Allocortolone obtained in this manner could not be 
crystallized. Acetylation with acetic anhydride and pyridine 
followed by chromatography on silica gel gavean oil. The infra- 
red spectrum of the oil in carbon disulfide was identical with that 
of an authentic sample of allocortolone 3,20 ,21-triacetate in the 
regions 4000 to 2750 cm-!, 1800 to 1600 cm-', and 1400 to 800 
cm-!, No evidence for the presence of B-allocortolone was ob- 
tained. 

Fraction B obtained from the silica gel partition column was 
chromatographed on 130 g of Celite 545 as above. The column 
was eluted with 150 ml of Solvent System B and 1000 ml of 
Solvent System C. The subsequent fractions were collected at 
a rate of 10 ml per fraction every one-half hour. Examination 
by paper chromatography showed that Fraction 60 contained 
cortolone, Fraction 110 allocortol, and Fraction 192 contained 
cortol. The Fractions 110 to 192 were combined and chromato- 
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TABLE V 


Urinary excretion of glycerol side: chain derivatives of hydrocortisone 
after tracer dose (subject G, oral) 





Neutral Steroid Ex- 
tract 24 hours after 
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graphed on Whatman No. 1 papers for 72 hours in Solvent Sys- 
tem C. The areas corresponding to #-allocortol (3 mg) and 
allocortol (4 mg) were eluted. Recrystallization of allocortol 
from acetone gave a substance, m.p. 220-226°, which did not 
depress the melting point of an authentic sample of allocortol, 
m.p. 226-228°. Acetylation with pyridine and acetic anhydride 
yielded a product which had an infrared spectrum in carbon di- 
sulfide solution identical with that of allocortol 3,20 ,21-triace- 
tate in the regions 4000 to 2750 cm-', 1800 to 1600 cm-, and 
1400 to 800 em=?. No conclusive evidence for B-allocortol could 
be obtained for the material eluted from the 6-allocortol area. 


RESULTS AND DISCUSSION 


It was found in this study that almost 90% of the radioactivity 
in the neutral steroid extract could be accounted for by 11 known 
metabolites both by reverse isotope dilution and by paper chro- 
matography (Table III). Compounds with the intact C2 carbon 
skeleton of the parent hormone comprised the major portion of 
the metabolites and accounted for from 70 to 80% of the total 
radioactivity in the neutral steroid fraction. Metabolites with 
the dihydroxyacetone side chain, i.e. the tetrahydro compounds 
considered as a group were the principal metabolites and com- 
prised 45 to 50% of the radioactivity in the neutral extract. 
Expressed in terms of the dose administered these tetrahydro 
compounds represented approximately 25%, in substantial agree- 
ment with figures obtained by a number of investigators for the 
recovery of “Porter-Silber chromogens” in the urine after ad- 
ministration of cortisone or hydrocortisone (2, 3, 14,21). About 
equal amounts of THE and THF were found in two subjects 
(G and C) whereas in the other three subjects (B, T, and M) 
THE was almost double the amount of its 118-hydroxy analogue. 
Similar ratios have been found for the endogenous production of 
these steroids in normal men and women (22-24) and in various 
patients with nonendocrinological disorders studied in this Lab- 
oratory‘ and others (14). It would be safe to suggest that under 
normal circumstances THF does not exceed THE as a urinary 
metabolite of hydrocortisone. However, under conditions in 
which there is a large amount of hydrocortisone administered or 
secreted due to hyperplasia of the adrenal gland or stimulation 
with adrenocorticotropic hormone, the amount of THF invar- 
iably exceeds THE (8, 14, 24). 

Reichstein’s Substance C (ATF), in the present studies, was 
found to comprise 7 to 15% of the neutral steroid extract and 13 
to 25% of the combined dihydroxyacetone side chain compounds. 
In one subject (G, oral) ATF was measured by reverse isotope 


Hydrocortisone-4-C™ 


Vol. 235, No. 8 


dilution and the value obtained by paper chromatography was 
in good agreement with that obtained by the more rigorous 
method. This compound has recently been isolated and charac- 
terized from the urine of normal and diseased human subjects 
(22, 23) and has been related to its hormonal precursor, hydro- 
cortisone, by a tracer study (22). The endogenous production 
of this dihydroxyacetone side chain isomer was previously shown 
to represent about 10 to 22% of the total daily excretion of the 
three tetrahydro metabolites of hydrocortisone (22, 23). 

The cortols and cortolones, metabolites with the glycerol side 
chain, represented the second largest contribution to the radio- 
activity in the neutral extract or from 18 to 33% of the total. 
The cortolones, 7.e. the 11:keto analogues, were by far the pre- 
dominant metabolites. The ratio, 11-keto:118-hydroxy (cor- 
tolones:cortols), ranged from 1.7 to 5 in contrast to THE: THF 
ratio which ranged from 0.9 to 2.1. Furthermore if the ATF 
values are added to those of THF, the divergence is even greater 
between the 11-keto:118-hydroxy ratio of these two classes of 
metabolites. 

The 208-hydroxy epimer of the cortols was found to be the 
major component of this pair of isomers whereas the two epimers 
of cortolone were produced in about the same proportion. The 
amount of cortol isolated in this study, 1 to 2% of the neutral 
extract of the 24-hour urine after administration, is much lower 
than the amount reported earlier (11). Whether the latter high 
value was the result of an individual variation in metabolism or 
to the fact that the extract from which the estimate was derived 
represented only the second hour after hydrocortisone adminis- 
tration has not been further examined. In a recent study by 
Romanoff et al. (25) on the excretion of 8-cortolone in normal men 
and women, none of the 20a-epimer could be detected. In the 
light of these studies with radioactive hydrocortisone in normal 
subjects in which the two epimeric cortolones were formed in 
equal amounts, it is surprising that no cortolone was found by 
these authors. In this Laboratory‘ evidence for the urinary ex- 
cretion of both cortolone and 6-cortolone by normal subjects has 
been repeatedly obtained. Chromatography of the neutral 
steroid extracts on 118 em long paper in System C for 28 hours 
afforded a mixture of cortolones. Acetylation and chromatog- 
raphy on alumina yielded the 3,20,21-triacetates of cortolone 
and £-cortolone. 

The 5a-H epimers of cortols and cortolones, for which the 
trivial names allocortol and allocortolone were given, have re- 
cently been synthesized (17). Allocortol and allocortolone have 
been isolated and characterized after large doses of cortisone 
acetate. No conclusive evidence for the presence of the 206- 
epimer of these compounds was obtained although material with 
the mobility of B-allocortol was observed. Bush and Mahesh 
have also isolated a pentol after oral administration of cortisone 
acetate (26) and allotetrahydro E (16). The pentol was desig- 
nated allocortol or a mixture with its 206-epimer, since oxidation 
afforded HO-A. Quantitation of the allocortols and allocorto- 
lones was made in one subject (G, oral) after administration of 
hydrocortisone-4-C“ by mouth and together these substances 
represented only 1.5% of the neutral steroid extract. Allocortol 
and its 208-epimer were present in about equal amounts and 
allocortolone in much smaller amounts; no detectable amount of 
B-allocortolone was observed. 

About 3% of allocortols was isolated by Bush and Mahesh 
(26) after administration of nonisotopic cortisone acetate by 
mouth but these authors made no mention of the conversion of 
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cortisone to allocortolone. In the present study on the isolation 
of allocortol and allocortolone after oral cortisone, the values are 
unreliable since the qualitative identification of the metabolites 
was stressed and no precuations were taken to obtain all the 
material present. The results with the one subject in whom the 
allocortols and allocortolones were examined by tracer study are 
not in accord with the conclusions of Bush and Mahesh (26). 
These authors used their value for the allocortol isolated to state 
“the ratio of 5a-H/58-H steroids in the 4:5-dihydro-3 , 20-diol 
group of the hexahydro metabolites was of the same order as in 
the 4:5-dihydro group of the tetrahydro metabolites (24 and 
22.5% respectively).” In the present study after radioactive 
hydrocortisone, the allocortols and allocortolone isolated repre- 
sent only 4% of the total saturated glycerol side chain metabo- 
lites whereas ATF was about 13 to 25% of the total tetrahydro 
derivatives. 

The relative amounts of the pentols and 11-ketotetrols in the 
5a-H series are in contrast to the amounts of the 58-H epimers 
produced since in the latter, the 11-keto derivatives were pre- 
dominant (Table IV). The preponderance of the allocortols over 
allocortolone is undoubtedly due to the ready reduction of the 
1l-keto group in the 5a-H derivatives as shown by Bush and 
Mahesh (16). 

The cleavage of the side chain of hydrocortisone is well known 
(9, 13) but a quantitative study of the formation of 11-oxygen- 
ated 17-ketosteroids has not been made in normal subjects. It 
was found that such transformation occurred only to a limited 
extent. Although 10 to 15% of the total radioactivity appeared 
to be in the fraction less polar than cortisone, only 2 to 12% was 
isolated as HO-E and 11-OE. HO-A was found in much smaller 
amounts and the production of the 11-keto-5a epimer was insig- 
nificant. Whether the remaining as yet unaccounted radioactiv- 
ity was in products resultant from side chain cleavage or non- 
polar Ca compounds has not been determined. There were, 
however, no peaks of radioactivity other than the above 17- 
ketosteroids on examination of the paper chromatogram by the 
Aquebogue scanner. 

In order to determine whether the mode of administration of 
hydrocortisone resulted in an altered transformation of the hor- 
mone (27), the same man (Subject G) received hydrocortisone- 
4-C4 by oral and intravenous introduction (Table III). The 
values for the reducing steroids THF, THE, and ATF were vir- 
tually the same in both experiments. However there was a 
decrease in the metabolites with the glycerol side chain after 
intravenous infusion as compared with the oral study. Together 
with this change the production of 17-ketosteroid metabolites, 
HO-E and 11-OE was increased significantly in the intravenous 
study. There would thus appear to be a definite relationship 
between these two dissimilar classes of metabolites and on first 
examination it may be concluded that the 17-ketosteroids were 
derived from cortols and cortolones. However, it might also be 
suggested that reduction of the carbonyl at C-20 to the cortols 
and cortolones precludes further oxidation of the side chain and 
that reduction of the C-20 carbonyl group is more evident when 
the steroid hormone is introduced directly into the portal circula- 
tion. 

Radioactivity present in the hydrocortisone and cortisone areas 
on the paper chromatogram represented about 2% each of the 
urinary neutral steroid activity. However, it was found by re- 
verse isotope dilution that only half of the radioactivity present 
in these areas was in these hormones. Other minor metabolites 
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of hydrocortisone which have been isolated from human urine or 
suspected metabolites were not studied because they must have 
been in such small amounts that no radioactivity peak was ob- 
served on scanning. If they had the same mobility on paper as 
the major metabolites, the latter compounds accounted for almost 
all of the radioactivity present in that area. An indication for 
the presence of 68-hydroxyhydrocortisone after oral administra- 
tion of hydrocortisone-4-C™ was the detection of a small radio- 
active peak (1.4% of the neutral steroid extract) with the same 
mobility as this metabolite in System C. This compound has 
been identified in the urines of normal subjects with and without 
prior feeding of hydrocortisone (10) and a patient with Cushing’s 
syndrome during adrenocorticotrophin administration.‘ 

The urinary excretion of the radioactivity after the intravenous 
and oral administration of hydrocortisone-4-C“ to normal men 
was similar to those reported earlier by this Laboratory (1), and 
by other investigators for patients with normal hepatic function 
(2-6). The release of radioactivity by the hydrolysis of steroid 
conjugates with 6-glucuronidase and continuous ether extraction 
varied somewhat from subject to subject but averaged 77% of 
the radioactivity in the urine. The average recovery in the first 
24 hours as neutral urinary metabolites of hydrocortisone was 
about 55% of the dose, a value that agrees well with earlier 
reports (2, 3, 14, 21). 


SUMMARY 


The metabolic transformation of intravenously administered 
hydrocortisone-4-C“’ has been studied in five normal men. 
Eleven known metabolites accounted for approximately 90% 
of the radioactivity in the neutral steroid fraction obtained after 
hydrolysis of conjugates with 8-glucuronidase. The major 
transformation products as a group were metabolites with the 
dihydroxyacetone side chain, the “tetrahydro” derivatives. 
Together, 3a,17a,21-trihydroxypregnane-11 ,20-dione, 3a,118,- 
17a ,21-tetrahydroxypregnane-20-one, and 3a,118 ,17a,21-tetra- 
hydroxyallopregnane-20-one, comprised 45 to 50% of the radio- 
activity in the neutral steroid extract. The glycerol side chain 
derivatives, cortols and cortolones, accounted for 18 to 33% of 
the neutral steroid with the 11-keto derivatives present in much 
larger amount. The cleavage of the side chain of hydrocortisone 
occurred to a limited extent as evidenced by the isolation of 2 
to 12% of the neutral steroid metabolites as 3a ,118-dihydroxy- 
etiocholane-17-one and 3a-hydroxyetiocholane-11 , 17 -dione. 
Very low radioactivity was found in their 5a-H epimers. 

The metabolism of hydrocortisone-4-C™ after intravenous ad- 
ministration was compared to that after oral administration in 
one subject. Transformation to the “tetrahydro” derivatives 
occurred to the same extent by both routes of administration; 
there was less transformation to glycerol side chain derivatives 
and greater formation of 17-ketosteroids after administration by 
mouth. 

The 5a-H epimers of cortol and cortolone, allocortol (allopreg- 
nane-3a,118,17a,20a,21-pentol), and allocortolone (11-keto- 
allopregnane-3a , 17a ,20a,21-tetrol), respectively, were isolated 
from the urines of two subjects given cortisone acetate. These 
5a-H metabolites together with 6-allocortol comprised 1.5% of 
the neutral steroid extract after administration of hydrocortisone- 
4-C™ by mouth in contrast to 33% for the 58-H epimers. No 
radioactivity was detected in B-allocortolone. 


4 Unpublished results of T. F. Gallagher and co-workers. 
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Preputial Gland Tumor Sterols 


II. THE IDENTIFICATION OF 4a-METHYL-A*-CHOLESTEN-38-OL*f 


A. A. Kanputscn anp A. E. Russet 


From the Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine 


(Received for publication, February 29, 1960) 


A transplantable preputial gland tumor in C57BL/6J mice 
contains relatively large amounts of several sterols including 
24, 25-dihydrolanosterol, a sterol found previously only in sheep 
sebum, and a new sterol initially referred to as B, (2). In the 
present report evidence is presented which indicates that the 
identity of the latter sterol is 4a-methy]-A*-cholesten-38-ol. 


EXPERIMENTAL PROCEDURE! 


Procedures for raising and harvesting the tumor and for isola- 
tion and chromatography of the sterol mixture were described 
previously (2). Isolated by these procedures, the sterol referred 
to as Be. had a constant melting point of 136.5-137°, [a], + 55°, 
(c, 1.85). 


CosHis0 
Calculated: C 83.93, H 12.08 
Found: C 83.85, H 12.27 
The acetate melted at 106.5-108.5°, [a], + 64°, (c, 1.83), 
CroH 5002 
Calculated: C 81.39, H 11.38 
Found: C 80.69, H 11.04 


and the benzoate melted at 123-124° (softened at 119°), [a], 
+82°, (c, 1.80). 


C3sH 5202 
Calculated: C 83.28, H 10.38 
Found: C 83.73, H 10.34 


Purity of Bz—Repeated chromatography of Bz by the usual 
methods gave no evidence for heterogeneity. Prolonged chroma- 
tography of 200 mg of Be, m.p. 135-137°, [a], +55.5°, on a col- 
umn of 3:1 silicic acid-Celite, 5.0 x 46 cm, with the use of gradi- 
ent elution with 1.5 liter of Skellysolve C in the mixing flask and 
4:1 benzene-Skellysolve C in the upper flask resulted in a single 
peak with a relatively long trailing edge. This peak was divided 
into two portions; the division being made somewhat after the 
apex of the peak. Recrystallized from methyl alcohol, the an- 
terior portion melted at 133-135°, [a], + 57.0°, the posterior 


* Supported by research grants C-2758 and C-1329 from the 
National Cancer Institute of the National Institutes of Health, 
United States Public Health Service. 

+ A preliminary report of this work has been published (1). 

1 Melting points are corrected. Optical rotations were in 
chloroform. Elementary analyses were performed by the 
Schwartzkopf Microanalytical Laboratory, Woodside, New York. 


portion melted at 133-136°, [a], +53.6°. After another crystal- 
lization, the melting points of the anterior and posterior portions 
were 134.5-135.5° and 131—132°, [a], +57.0° and +53.0°, respec: 
tively. A third crystallization of the anterior portion gave a 
product which melted at 130.5-132°, [a], +55.7°. The standard 
error of the mean of the specific rotations was estimated at +2°. 
The drop in the melting point after prolonged chromatography 
and repeated crystallization may be due to a relative instability 
of Bz which was also evidenced by a change in the constants of 
purified sterol m.p. 136.5-137.5°, [a], +55.2° to m.p. 131—133°, 
{a], +52.3° after storage for 2 months in a vacuum, in the dark, 
at 5°. Other evidence suggested that the sterol is isomerized 
under relatively mild conditions such as heating in the presence 
of small amounts of water. In one case at least two compounds 
which were separated from B, with difficulty by chromatography 
were inadvertently produced in this way. The slightly lower 
rotation of the posterior peak may have been due to the accumu- 
lation of such products of the instability of Bz. Serious contami- 
nation by a 4a-methyl-A’-cholestenol appears to be unlikely. 
Although a mixture of 3 mg of Be with 3 mg of 4a-methyl]-A’- 
cholestenol (methostenol, kindly supplied by Dr. William Wells, 
m.p. 146-147°, [a], +3.5° isolated from rat skin) gave only a 
single broad peak when chromatographed on a column of 2:1 
silicic acid-Celite, 2.5 x 24 em, chromatography of a mixture of 
2 mg of each of the sterols on a column of 3:1 silicic acid-Celite, 
2.5 X 29 cm, gave two distinct peaks (Fig. 1). Be, identified 
by its slower rate of reaction with the Liebermann-Burchard re- 
agent, preceded methostenol. 

Color Tests—As previously described, the sterol gave a positive 
Tortelli-Jaffe test (2). It reacted with the Liebermann-Bur- 
chard reagent to give a blue color which reached a maximum at 
620 my 9 minutes after the addition of the reagent. The ab- 
sorbance for 1 mg of Bz in 1 ml of glacial acetic acid, and 2.1 ml 
of 20:1 acetic anhydride-sulfuric acid was 3.55 at 1.5 minutes and 
4.60 at 9 minutes. Under similar conditions, methostenol gave 
9.40 and 8.85 at 1.5 and 9 minutes, respectively. Bz gave a posi- 
tive reaction with selenium dioxide (3). 


Conversion to Known Sterols by Isomerization and 
Reduction of Double Bond 


4a-Methyl-A*“ -cholestenol—A solution of 162 mg of B:-acetate 
in 15 ml of glacial acetic acid was shaken in an atmosphere of 
hydrogen with 128 mg of platinum oxide catalyst. No hydrogen 
was consumed after 4 hours, whereupon the catalyst was filtered, 
the filtrate evaporated, and the residue recrystallized from ethyl 
acetate-methanol to give 98 mg of the acetate m.p. 78-78.5° 
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Fic. 1. Chromatographic separation of a mixture of 2 mg of 
4a-methyl-A*-cholestenol and 2 mg of methostenol. Absorbance 
of the Liebermann-Burchard chromophores was read at 620 my 9 
minutes after the addition of the reagent. 
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TABLE | 


Comparison of physical constants of A®“* and A" stenols, 
stanol, and their acetates with reported* values 











Alcohol Acetate 
Compound 
Melting point la]p Melting point lal 

A484) -Stenol 

Found 160-163 +19 78-78.5 +37 

Reported 160-163 +19 79-81 +41 
A'4-Stenol 

Found 154.5 +33 133-135 +45 

Reported 156-158 +31 133-136 +45 
Stanol 

Found 160.5 +25 129.5-131 +40 

Reported 166-168 +27 131-133 +42 

















* Djerassi et al. (7). 


[a], +37°. Saponification with 5% methanolic KOH followed 
by crystallization from methanol gave 58 mg of the free alcohol, 
m.p. 158-160.5°, [a], +19°. 
CosH4s0 
Calculated: C 83.93, H 12.08 
Found: C 84.50, H 11.90 


The free sterol had an infrared spectrum identical with that of a 
sample of authentic 4a-methyl-A*™-cholesten-38-ol, m.p. 160- 
163°, [a], +19° (generously supplied by Dr. Carl Djerassi), and 
the melting point was not depressed by admixture with the 
authentic sterol. 

4a-Methyl-A'-cholestenol—A stream of dry HCl gas was bub- 
bled through a solution of 150 mg of B2-acetate in 15 ml of chloro- 
form for 24 hours. The solvent was removed and the residue 
recrystallized three times from methanol to give 62 mg of the 
acetate, m.p. 133-135°, [a], +45°. Saponification with 5% 
methanolic KOH followed by crystallization from methanol gave 
53 mg of the free alcohol, m.p. 154.5°, [a], +33°. 


C2sHis0 


Calculated: C 83.93, H 12.08 
Found: 


C 84.02, H 12.15 
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4a-Methylcholestanol—A solution of 150 mg of B.-acetate in 
15 ml of glacial acetic acid was shaken in an atmosphere of hydro- 
gen with 100 mg of platinum oxide catalyst for 8 hours at room 
temperature, after which 0.9 ml of concentrated HCl was added 
and the shaking was continued for 8 hours at a temperature of 


55°. Removal of the catalyst and solvents, followed by several 
recrystallizations from methanol yielded 120 mg of the acetate 
m.p. 129.5-131°, [a], +40°. 


CsoH 5202 
Calculated: C 81.02, H 11.79 
Found: C 81.36, H 11.93 


Saponification with 5% methanolic KOH followed by recrystalli- 
zation from methanol led to 94 mg of the free sterol m.p. 160.5°, 
[a], +25°. 
CesH 500 
Calculated: C 83.51, H 12.52 
Found: C 83.57, H 12.43 


RESULTS AND DISCUSSION 


The identity of 4a-methyl-A*“)-cholestenol produced from B, 
by migration of the double bond was established by the failure 
of the B derivative to depress the melting point of the authentic 
sterol and by the identity of their infrared spectra. Further 
evidence for the identity of the A®@® and A™ isomers and of the 
stanol was obtained by comparison of the physical constants of 
these Bz derivatives with published values (Table I). Conver- 
sion of Bz to 4a-methyl-A*)-cholestenol and to the A!-isomer 
in the absence of any uptake of hydrogen clearly identifies B, 
as a monounsaturated derivative of 4a-methylcholestanol. 
Since the selenium dioxide test is specific for allo- or A®-steroids 
with a double bond adjacent to the 14 position (3) and only A’ 
or A® double bonds migrate to the 8(14) position when a sterol is 
hydrogenated in glacial acetic acid over Adam’s Catalyst (4, 5), 
the unsaturation is limited to one of these two positions. Non- 
identity of B, with the known sterol 4a-methyl-A’-cholestenol 
was indicated by differences in their infrared spectra, especially 
in the regions 950 to 1040 and 1220 to 1280 em-, by differences 
in the rates with which the two sterols reacted with the Lie- 
bermann-Burchard reagent, and by differences in the physical 
constants of the free sterols and their acetate and benzoate de- 
rivatives. A characteristic of particular value in distinguishing 
between the two sterols was the high positive optical rotation of 
B, as compared to the extremely weak rotation ([a], 0° to +5°) 
of the A’-isomer (7, 8). The high molecular rotation of B, also 
provides positive evidence for the presence of a double bond in 
the 8 position. The contribution of the double bond in B, to the 
optical rotation of the parent compound 


([M]oca.) — [M]o(stanor) = +120°) 


compares with the contribution of a double bond in the 8 position 
to the molecular rotation of the cholestanol molecule (+96°). 
With the exception of certain positions on ring A, no other olefinic 
linkage contributes so greatly to the positive rotation of the par- 
ent molecule (6).? 


2 The value of + 109° for the contribution of a 9(11) double bond 
given in reference (6) was based on zymosterol which, when this 
value was obtained, was thought to have a 9(11) double bond. 
The contribution of a 9(11) double bond was found by Fieser (9) 
to be +15°. 
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The presence in the preputial gland tumor of relatively large 
amounts of 4a-methyl-A*-cholestenol and, at best only small 
amounts of the A’-isomer, contrasts with findings in rat feces 
where the reverse is true (8). The A’-isomer, methostenol, has 
been identified in rat skin (8), but the high optical rotation of 
certain similar preparations (10) suggests that both sterols may 
be present. The close metabolic relationship between the two 
sterols is indicated by their structural similarities. The con- 
version of methostenol to cholesterol in the intact rat has been 
demonstrated (11). Evidence that 4a-methyl-A*-cholestenol 
may play an active role in cholesterol biosynthesis is presented in 
the following paper. 


SUMMARY 


A new sterol isolated from a preputial gland tumor was identi- 
fied as 4a-methyl-A*’-cholesten-36-ol. The sterol gave a positive 
selenium dioxide test, and migration of the double bond resulted 
in the known sterol 4a-methyl-A®-cholestenol. These reac- 
tions identified the sterol as a monounsaturated derivative of 
4a-methylcholestanol with the position of the double bond 
limited to position 7 or 8. The physical properties of the new 
sterol were different from those of the known sterol 4a-methyl- 


XUM 
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A’-cholestenol and in general agreement with those of other 
A’-stenols. 
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Ill. A METABOLIC PATHWAY FROM LANOSTEROL TO CHOLESTEROL*{ 
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Sterols which have been identified in a transplantable preputial 
gland tumor are lanostero], 24,25-dihydrolanosterol, 4a-methyl- 
A*-cholestenol, A’-cholestenol, 7-dehydrocholesterol, and choles- 
terol (preceding paper (2)). Arranged in the above sequence, 
they suggest a possible pathway for the conversion of lanosterol 
to cholesterol. The studies presented in this report of acetate 
incorporation into these sterols, and of the metabolism of the 
labeled sterols, provide evidence that the suggested pathway does 
operate. 


EXPERIMENTAL PROCEDURE 


Rates of Acetate Incorporation into Sterols by Tumor Slices— 
Preputial gland tumors harvested 13 to 19 days after inoculation 
were sliced with a razor blade and 0.83 g of slices was placed in 
each of 12, 50-ml flasks with 5 ml of Krebs-Ringer buffer solu- 
tion, pH 7.4, containing 3.3 ue of sodium acetate-1-C™ (4.50 mc 
per mmole). The flasks were shaken in a Warburg apparatus in 
an atmosphere of 95% oxygen, 5% carbon dioxide. Three flasks 
were removed and pooled after 1, 2, 3, and 4 hours of incubation. 
Isolation of sterol mixtures via the digitonide from the incubation 
mixtures was carried out as described previously (2). To deter- 
mine whether or not the sterols were precipitated quantitatively 
with digitonin, the mother liquors from digitonin precipitates 
were combined with subsequent washes and evaporated to dry- 
ness. Repeated extractions of the residue with ether left excess 
digitonin and any alcohol-soluble digitonides. This material 
contained a total of approximately 15,000 c.p.m. after 1 hour 
of incubation and from 32,000 to 36,000 c.p.m. after longer 
periods of incubation. The counts in the “soluble digitonides” 
amounted to 2% of the counts in the digitonin precipitated ster- 
ols after 1 and 2 hours of incubation and 12 and 10% after 3 and 
4 hours of incubation, respectively. Regeneration of sterols 
from a relatively large amount of “soluble digitonides” obtained 
in this way, followed by chromatography, indicated the presence 
of trace amounts of each of the sterols found in the tumor, with 
no indication that any one sterol was significantly concentrated 
over the relative amount found in the digitonin precipitated 
sterols. As a zero time control for changes with incubation in 
sterol concentrations, the sterol mixture present in 4.25 g of 
slices was isolated and treated in the same way as the sterols 
from the incubation mixtures. Sterols regenerated from the 
digitonide were dissolved in 10 ml of chloroform and suitable ali- 
quots were plated on stainless steel planchets for C™ analysis. 


* Supported by research grants C-2758 and C-1329 from the Na- 
tional Cancer Institute of the National Institutes of Health, 
United States Public Health Service. 

+ A preliminary report of this work has been presented (1). 
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Sterol mixtures isolated from 2.5 g of slices (3 pooled incubation 
flasks) were dissolved in a small amount of 1:9 benzene-Skelly 
solve C and chromatographed on columns of 2:1 silicic acid- 
Celite, 2.5 < 25 cm in length with the use of gradient elution with 
Skellysolve C and benzene as described (2). Fractions of 7 ml 
were collected, the solvent was evaporated in a vacuum oven, 
and C measurements and sterol measurements by the Lieber- 
mann-Burchard reaction, or by the determination of ultraviolet 
light absorption, were carried out on alternate tubes (2). Iso- 
tope and sterol elution patterns were graphed. Specific activities 
of the sterols separated by chromatography were obtained by 
averaging values obtained for three fractions, one at the peak of 
each band and one on each side near the peak. Values obtained 
in this way agreed well with values obtained by dividing the total 
radioactivity in a band by the total sterol in the band. For these 
calculations, the total radioactivity of a band was estimated from 
the chromatograms after the leading and trailing edges of the 
respective radioactive peaks had been extrapolated to zero radio- 
activity. The amounts of the sterols separated by this pro- 
cedure, and remaining after analyses had been carried out, were 
insufficient to allow further studies of their purity, whereas the 
A’-cholestenol and 7-dehydrocholesterol peaks were not resolved 
enough to permit the determination of their individual specific 
activities (Fig. 1). 

To gain information regarding the radioactive purity of the 
sterols, and simultaneously to obtain highly labeled sterols for 
subsequent studies two incubations on a larger scale were carried 
out. Each time 50 g of sliced tumor were divided among 14 50- 
ml flasks each containing 5 ml of buffer and 36 ue of sodium ace- 
tate-1-C™. Incubations were carried out for 2 hours after which 
the sterol mixtures were isolated. The sterol mixture from the 
first large scale incubation was chromatographed on a column 
of 2:1 silicic acid-Celite 5 cm in diameter < 40 cm in length, 
with the use of gradient elution. The volume of the collected 
fractions was 27 ml. After C\* measurements and sterol deter- 
minations by the Liebermann-Burchard reaction or ultraviolet 
light absorption, fractions under separated sterol bands were 
pooled and the solvents evaporated. Labeled dihydrolanosterol 
(2.7 mg), lanosterol (2.7 mg), and 4a-methyl-A*-cholestenol (17.7 
mg) were diluted with 125.5 mg, 70.0 mg, and 382.0 mg of the 
nonlabeled corresponding sterol, previously isolated and purified 
(2). The sterols were recrystallized once from methanol-methyl- 
ene chloride or from methanol alone, and the acetates were pre- 
pared and recrystallized to constant specific activity. Labeled 
cholesterol (84.5 mg) was diluted with 81.5 mg of nonlabeled puri- 
fied cholesterol. After a single crystallization from methanol, 
the sterol was purified by dibromination and regeneration with 
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Fic. 1. Sterol chromatogram after incubation of preputial gland tumor slices for 2 hours with sodium acetate-1-C'*. @——@ 


represents milligrams of sterol per fraction; X---+X, c.p.m. per fraction. 


zinc, and crystallized from methanol to constant specific activity. 
Commercial 7-dehydrocholesterol (500 mg) was added to the 
pooled 7-dehydrocholesterol, A’-cholestenol, and Bs (2) bands, 
which overlapped considerably, and the acetates were prepared. 
The acetylated sterols were refluxed for 16 hours with 5 g of 
maleic anhydride and 18 ml of xylene. The reaction mixture 
was worked up and 7-dehydrocholesterol was removed from the 
mixture as the maleic acid adduct by the usual procedure (3). 
Attempts to recover the maleic acid adduct of 7-dehydrocholes- 
terol for specific activity measurements were unsuccessful. A’- 
Cholestenol was recovered from the reaction mixture and chro- 
matographed. The single uniform peak eluted (10.5 mg) was 
diluted with 46.4 mg of nonlabeled A’-cholestenol prepared from 
7-dehydrocholesterol. The sterol was rechromatographed and 
crystallized from methanol to constant specific activity. Sterols 
from the second large scale incubation were chromatographed on 
a column of 3:1 silicic acid-Celite 5.0 X 47cm. This prolonged 
chromatography resulted in sufficient resolution of the 7-dehydro- 
cholesterol and A’-cholestenol peaks so that adequate amounts 
of each of the two sterols for further purification studies were ob- 
tained. The separated sterols from this chromatogram were 
diluted with the corresponding purified nonlabeled sterols as be- 
fore and crystallized to constant specific activity. Since, in the 
first experiment, preparation and crystallizations of the sterol 
acetates did not result in significant changes in specific activities, 
the acetates were not prepared in the second experiment. C™ 
measurements were made on weighed amounts of the purified 
sterols. 
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Metabolism of Labeled Sterols by Cell-free Homogenates of Tumor 
and Liver—Cell-free extracts of preputial gland tumors were 
made by homogenizing minced tumor with two volumes of a 
medium made up of 2 parts of buffered medium, pH 7.4 (0.1 m 
potassium phosphate buffer, 0.004 m MgCl, and 0.03 m nico- 
tinamide) and one part of liver extract prepared by boiling and 
filtering the 105,000 x g supernatant fraction from mouse livers 
homogenized with 2 volumes of the phosphate buffered medium 
described above. Homogenization of the tumor was carried out 
in a glass homogenizer with a stainless steel pestle with 1 mm 
clearance. The homogenates were centrifuged at 700 x g for 10 
minutes and the sediment discarded. Preputial gland tumor 
homogenates prepared in this way incorporated labeled acetate 
into sterols at a rate as great or greater than did cell-free liver 
homogenates prepared as described below. The rate of acetate 
incorporation was greatly decreased when a more tightly fitting 
homogenizer was used, whereas DPNH, TPNH, ATP, coenzyme 
A, and glutathione singly, or all together, failed to substitute 
fully for the boiled mouse liver extract. Cell-free homogenates 
of livers from rats weighing from 75 to 100 g were prepared in 
the same way as the tumor homogenates except that additional 
medium was substituted for the boiled liver extract. The spe- 
cific activities of the purified labeled sterols obtained by the large 
scale incubations of tumor slices described above were 2,440, 
17,900, 12,774 and 7,980 c.p.m. per mg for 24,25-dihydro- 
lanosterol, 4a-methyl-A*-cholestenol, A’-cholestenol, and 7-de- 
hydrocholesterol, respectively. Three milligrams of each of the 
sterols were dissolved in 1 ml of propylene glycol and added to 40 
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Fic. 2. Percentage of sodium acetate-1-C' counts incorporated 
into digitonin-precipitable sterols by preputial gland tumor slices 
incubated in vitro. 
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Fie. 3. Concentrations of digitonin-precipitable sterols in pre- 
putial gland tumor slices incubated for various time periods with 
sodium acetate-1-C", 


ml of liver or tumor homogenate with 26 mg of DPN. The 
homogenate was divided among five 50-ml flasks and incubated 
for 2.5 hours when the homogenate was from the tumor, and 4 
hours when it was from liver. The flasks were shaken in an 
atmosphere of 95% oxygen, 5% carbon dioxide at 37°. After 
incubation, the mixture in the 5 flasks was pooled, 17 g of KOH, 
50 ml of alcohol, and 10 ml of water were added, and the mixture 
was refluxed for 4 hours under nitrogen. The sterol mixture 
was isolated and chromatographed on a column of 3:1 silicic 
acid-Celite 2.5 < 30 cm, with the use of gradient elution. Frac- 
tions of 7 ml were collected and Liebermann-Burchard determi- 
nations and C'* measurements were made on aliquots from every 
third fraction. The isotope elution patterns and thesterol elution 
patterns were drawn and radioactive peaks were identified by 
their correspondence to sterol peaks. The amount of labeled 
sterol converted to other sterols by the preputial gland tumor 
homogenate was always relatively small and did not allow further 
purification of the derived sterols. The cholesterol from liver 
which was relatively highly labeled was diiuted to about 30 mg 
with purified nonlabeled cholesterol, passed through the di- 
bromide, recrystallized, and radioactivity measurements were 
made on weighed amounts of sterol plated in infinitely thin layers 
with equipment previously described (2). Specific activity val- 
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ues for cholesterol calculated from the chromatograms were 
usually not significantly different from values obtained after pas- 
sage through the dibromide. 


RESULTS 


Incorporation of Acetate-C“ into Sterols by Tumor Slices—Al.- 
though the elution patterns obtained by chromatography of the 
labeled sterols were not altered by length of incubation in a quali- 
tative way from that shown in Fig. 1, marked changes in the 
concentrations of the sterols did occur. Thus, the total radio- 
activity in the digitonin-precipitable sterols increased for 2 hours 
then fell off rapidly (Fig. 2). Changes in the concentrations of 
the sterols (Fig. 3) contributed strongly to the shape of the curve 
in Fig. 2. In contrast with the other. sterols which began to 
decline in concentration after 1 hour of incubation, the concentra- 
tions of 7-dehydrocholesterol and cholesterol continued to in- 
crease over the first 2 hours. After 2 hours of incubation de- 
creases in the concentrations of cholesterol, 7-dehydrocholesterol, 
A’-cholestenol, and 4a-methyl-A*-cholestenol were particularly 
rapid. The fate of sterols lost from the digitonin precipitable 
fraction after prolonged incubation has not yet been determined. 
Preliminary experiments indicate that they are not converted 
jnto sterols that do not precipitate with digitonin since after in- 
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Fie. 4. Rates of acetate-1-C incorporation into sterols by pre- 


putial gland tumor slices incubated in vitro. Points on the A’- 
cholestenol plus 7-dehydrocholesterol curve represent the specific 
activity of a mixture of the two sterols in a ratio of approximately 
¥:1. 
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cubation for 3 or 4 hours the radioactivity of the nonsaponifiable 
material remaining after precipitation of sterols with digitonin 
did not show the increase to be expected, if this had occurred. 

Other components of the curve in Fig. 2 were the specific ac- 
tivity curves shown in Fig. 4. The low specific activities of the 
trimethyl sterols in comparison with those of 4a-methyl-A*- 
cholestenol, A’-cholestenol, and 7-dehydrocholesterol indicate the 
presence of inactive sterol pools in the tumor, a finding to be 
expected in view of the secretory nature of the preputial gland 
from which it originated. The only sterol that showed a steady 
increase in specific activity throughout 4 hours of incubation was 
cholesterol. The specific activities of lanosterol and 24,25-di- 
hydrolanosterol leveled off after the first hour whereas the spe- 
cifie activities of 4a-methyl-A*-cholestenol and the 7-dehydro- 
cholesterol-A’-cholestenol mixture continued to increase for 2 
hours and then declined. The drop in the specific activities of 
several of the sterols after incubation for 3 or 4 hours may reflect 
the use of pools of sterols, normally metabolically inactive and 
less highly labeled, for conversion to sterols further along the 
metabolic path as the supply of acetate available for sterol syn- 
thesis became limiting. Specific activity values for the A’- 
cholestenol-7-dehydrocholesterol mixture represent the average 
of at least three values obtained by dividing the counts in a frac- 
tion by the combined weights of the two sterols in the’ fraction. 
The curve obtained for the mixture was similar to that for 4a- 
methyl-A*-cholestenol. As shown in Table I, after a 2-hour in- 
cubation period, the specific activity of A’-cholestenol was higher 
than that of 7-dehydrocholesterol although both sterols were 
highly active. The relationships of the specific activity values 
for sterols isolated from relatively large amounts of incubated 
tumor slices and crystallized to constant specific activity (Table 
I) are similar to those shown in Fig. 4 after 2 hours of incubation. 
An exception was the relatively low value for 4a-methyl-A*- 
cholestenol found in the first experiment, Table I. 

Conversions of Labeled Sterols by Cell-free Homogenates—As 
shown in Fig. 5, lower percentages of dihydrolanosterol and 4a- 
methyl-A’-cholestenol were incorporated into cholesterol than 
into other sterols by cell-free tumor homogenates. Most of the 
labeled dihydrolanosterol converted appeared in the 4a-methy!- 
A’-cholestenol peak and in a broad radioactive peak that cor- 
responded with the peaks for A’-cholestenol and 7-dehydrocho- 
lesterol. C™ from 4a-methyl-A*-cholestenol appeared mainly in 
the two radioactive peaks that corresponded closely with A’- 
cholestenol and 7-dehydrocholesterol. Both A’-cholestenol and 
7-dehydrocholesterol were converted to cholesterol at greater 
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Specific activities of biosynthetically labeled tumor sterols 
crystallized to constant specific activity* 











Sterol Experiment 1 | Experiment 2 

c.p.m./mg X 107% 

Lanosterol 32.0 Tt 

Dihydrolanosterol 16.9 11.7 

4 a-Methyl-A*-cholestenol 25.3 85.0 

4?-Cholestenol 77.2 121.9 

7-Dehydrocholesterol 76.2 

Cholesterol 1.0 6.5 





* Fifty grams of tumor slices incubated in 70 ml of buffer con- 
taining 501 ue of sodium acetate-1-C". 
t Lanosterol was inadvertently lost in the second experiment. 
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Fic. 5. Sterol chromatograms after incubating labeled sterols 
with cell-free, preputial gland tumor homogenates for 2 hours. 
The labeled sterol added to the homogenate is designated to the 
right of the respective chromatogram. The interrupted peaks 
represent mainly the unused portion of the labeled exogenous 
sterol. The vertical dotted lines limit the areas within which the 
sterols indicated at the top of the figure were found by means of 
the Liebermann-Burchard reaction or by measurements of ultra- 
violet light absorption. Numbers over peaks indicate the esti- 
mated percentages of the counts placed on the columns that oc- 
curred in the respective peaks. 


rates than were the former two sterols, whereas none of the iso- 
tope from either of these sterols appeared in any sterol eluted 
earlier than cholesterol. The radioactivity peaks of the rela- 
tively large amounts of added, highly labeled sterols remaining 
after incubation often overlapped adjacent sterol bands. Thus, 
the radioactive peak of 4a-methyl-A*-cholestenol extended over 
the lanosterol band and partially overlapped the dihydrolanos- 
terol band. Similarily, it was not possible to determine any 
interconversions of A’-cholestenol and 7-dehydrocholesterol, 
since the radioactive band of the labeled sterol added, completely 
overlapped the other member of the pair. Labeled sterols were 
incorporated into cholesterol in increasing amounts as their rela- 
tive positions in the pathway approached cholesterol. This was 
true not only in the tumor homogenates but also in cell-free ho- 
mogenates of liver (Table II). Labeled sterols were, however, 
much more efficiently utilized by liver homogenates and usually 
only very small amounts of radioactivity could be found in any 
portion of the elution pattern other than that corresponding to 
the cholesterol band. An exception was the elution pattern ob- 
tained by chromatographing the sterols after incubation with 
dihydrolanosterol (Fig. 6). The small shoulder on the dihydro- 
lanosterol peak may be lanosterol, produced by reversal of the 
reaction which results in saturation of the side chain double 
bond. The peak labeled 4a-methyl-A*-cholestenol gave a weak 
blue color with the Liebermann-Burchard reagent and had a 
mobility similar to that of this sterol. These criteria do not, 
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TaBLeE II 
Incorporation of sterols into cholesterol by rat liver homogenates* 





Label recovered in 


Labeled sterol added Cisleaterol 





% 
Dihydrolanosterol 18.4 
4a-Methyl-A®-cholestenol 32:2 
A’-Cholestenol 67.0 
7-Dehydrocholesterol 74.1 





* Three milligrams of labeled sterol incubated for 4 hours with 
40 ml of homogenate. 
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Fig. 6. Sterol chromatogram after incubating labeled 24,25- 
dihydrolanosterol with a cell-free, rat liver homogenate. 


however, distinguish between 4a-methyl-A*-cholestenol and the 
A’ isomer. 


DISCUSSION 


The presence in the preputial gland tumor of metabolically 
active and inactive sterol pools requires caution in interpreting 
results obtained with this tissue. Thus, the low specific activity 
of the precursor lanosterol in comparison to that of its product 
A’-cholestenol or 7-dehydrocholesterol may be attributed either 
to differences in the relative sizes of their active and inactive 
pools or to differences in rates of leakage from the active into the 
inactive pools. Similarly, rates of exchange between metabol- 
ically active and inactive pools may have influenced the shapes of 
the kinetic curves of acetate incorporation into the sterols. The 
sum of the evidence, however, provides strong support for the 
operation of the proposed pathway. The conversion of A’-cho- 
lestenol to cholesterol by liver homogenates has been demon- 
strated previously (4). In the present study, both A?-cholestenol 
and 7-dehydrocholesterol were converted to cholesterol by liver 
or tumor homogenates at relatively rapid rates. The extremely 
high specific activities of 7-dehydrocholesterol and A’-cholestenol 
isolated from tumor slices incubated with labeled acetate, in 
comparison to the low specific activity of cholesterol, make it 
unlikely that these two sterols follow cholesterol in a metabolic 
sequence. Similar, additional evidence for the roles of A’-choles- 
tenol and 7-dehydrocholesterol as precursors of cholesterol are 
the conversion by tumor homogenates of labeled dihydrolanos- 
terol and 4a-methyl-A*-cholestenol to A’-cholestenol and 7-de- 
hydrocholesterol more rapidly than into cholesterol and the ear- 


Preputial Gland Tumor Sterols. 
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lier demonstration by Gaylor and Baumann (5) that the specific 
activities of A’-cholestenol and 7-dehydrocholesterol were con- 
siderably higher than that of cholesterol after the incubation of 
skin with labeled acetate. The precursor-product relationships 
of lanosterol, 24,25-dihydrolanosterol and 4a-methyl-A®-choles- 
tenol are obvious from a consideration of their structures. If 
4a-methyl-A’-cholestenol, which is present in intestine and skin 
(6), is included as the intermediate between its A*-isomer and 
A’-cholestenol, reactions that result in the conversion of 4a- 
methy]l-A*-cholestenol to cholesterol are clearly outlined. 

Although dihydrolanosterol, 4a-methyl-A*®-cholestenol, A’- 
cholestenol, and 7-dehydrocholesterol appear to be intermediates 
in the major pathway for the biogenesis of cholesterol in the pre- 
putial gland tumor, the operation of this pathway in liver and 
other tissues has not been clearly demonstrated. The presence 
in liver of 14-norlanosterol (7) and traces of zymosterol (8) and 
in rat skin of desmosterol (9), along with the demonstration that 
these sterols are converted to cholesterol by rat liver homogenates 
(7, 10) or by the intact rat (9) indicates the existence of a pathway 
including these sterols where saturation of the double bond in 
the side chain is the last step (10, 11). Further evidence for the 
operation of this pathway is the recent demonstration that des- 
mosterol accumulates in animals treated with the drug, MER-29 
(12, 13). The sterols 24,25-dihydrolanosterol, A’-cholestenol, 
and 7-dehydrocholesterol are not included as intermediates in 
this scheme. Although A’-cholestenol and 7-dehydrocholesterol 
could not be demonstrated to be present in liver in the present 
and previous studies (2), both of these sterols were converted to 
cholesterol by cell-free liver homogenates at a rapid rate, suggest- 
ing that, under normal metabolic conditions, neither of these 
sterols is allowed to accumulate. Dihydrolanosterol, and a 
sterol presumed to be either 4a-methyl-A*-cholestenol or the A’- 
isomer on the basis of its mobility and reaction with the Lieber- 
mann-Burchard reagent do appear to be present in liver (2) and 
other tissues (unpublished) and would be utilized in the synthesis 
of cholesterol, presumably by way of A’-cholestenol and 7-de- 
hydrocholesterol. 

In view of what is now known, it seems likely that both path- 
ways may operate in liver and possibly in other tissues as well. 
The relative importance of one of the pathways in comparison 
with the other may, however, vary with the tissue. In the pre- 
putial gland tumor, and probably in skin and intestine, the path- 
way proposed in this paper appears to predominate whereas the 
best evidence indicates the active operation of the alternate path- 
way in liver. 


SUMMARY 


The occurrence in a preputial gland tumor of lanosterol, 24 ,25- 
dihydrolanosterol, 4a-methyl-A’-cholestenol, A’-cholestenol, 7- 
dehydrocholesterol, and cholesterol suggested the operation of a 
metabolic pathway which includes these sterols in the above 
sequence. Evidence obtained through studies in vitro of the 
kinetics of acetate incorporation into the sterols and by studies 
of the metabolism of the labeled sterols in cell-free homogenates 
of preputial gland tumor and liver provided evidence that the 
suggested pathway does operate. 


Acknowledgment—The requirements of a cell-free preputial 
gland tumor for optimal incorporation of acetate into sterols 
were determined by Mr. Thomas P. Bennet. 
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The Esterase Activities of Human Plasmin during Purification 
and Subsequent Activation by Streptokinase or Glycerol* 
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There is disagreement in the literature as to whether human 
blood contains, in addition to plasminogen, another enzyme 
precursor, “proactivator,” which is converted to an enzyme 
“activator.” There is additional disagreement as to which 
substrates are hydrolyzed by “activator,” if it exists. Neither 
“proactivator” nor “activator” has been isolated. 

Plasminogen of human blood can be converted by strepto- 
kinase to plasmin, which catalyzes the hydrolysis of proteins like 
fibrin and casein, and esters of arginine and lysine (1). Plasmino- 
gen from the blood of some animals, however, cannot be as readily 
activated by SK,! but when human plasminogen is added to the 
SK, the plasminogen from the blood of other animals becomes 
activated. For this reason, Mullertz and Lassen (2) postulated 
that “proactivator”’ was present in human blood, and that it 
reacted with SK to form a “universal activator’’ of the plasmino- 
gen of all animals. 

As evidence for the existence of proactivator, Troll and Sherry 
(3) claimed that proactivator and plasminogen had different 
stabilities. Ablondi and Hagan (4) showed that the differences 
found by Troll and Sherry were due to the different solubility 
of plasminogen in the reaction mixtures: pH 9.0 for the TAMe 
and pH 6.5 for the LME runs, and they concluded that plasmino- 
gen and proactivator were probably one and the same. Kline 
and Fishman (5), following the purification of plasminogen from 
Fraction III of human blood by clot lysis methods, also con- 
cluded that proactivator was plasminogen. 

Aside from the question of the precursor from which the 
postulated activator is formed, whether by reaction of SK with 
plasminogen or with proactivator, its activities are in dispute. 
Troll and Sherry (3) concluded that activator could hydrolyze 
esters of lysine, but not of arginine, whereas plasmin could 
hydrolyze esters of both arginine and lysine. Ablondi and Hagan 
(4) agreed with this because they confirmed the increase in the 
rate of hydrolysis of LEE when SK was added to a “spon- 
taneously” active preparation of placental human blood, Frac- 
tion III,, while obtaining no increase in the rate of hydrolysis of 
TAMe. 
the ability to hydrolyze esters of arginine as well as of lysine. 

To obtain evidence as to whether there is an enzyme, “acti- 
vator,” distinct from plasmin, we used the following approach: 

Alkjaersig et al. (7) showed that preparations of plasminogen 


* This investigation was supported by a research grant, No. 
H-4016, from the National Heart Institute, United States Public 
Health Service, Bethesda, Maryland, Samis Grotto Research 
Laboratory Fund, and Halifax County Cancer Society. 

1The abbreviations used are: SK, streptokinase; TAMe, p- 
toluenesulfonyl-t-arginine methyl ester; LME, t-lysine methyl 
ester; LEE, t-lysine ethyl ester. 


Alkjaersig et al. (6), however, stated that activator has _ 


could be activated by incubation at pH 7.6 in 50% glycerol 
solutions. Since, in this activation, SK is not involved, and 
therefore, activator cannot be formed, we decided to follow the 
development of TAMe and LME activities of plasminogen 
preparations under these conditions. At the same time, by also 
testing the activities towards TAMe and LME in the presence 
of added SK, we expected to be able to distinguish between the 
activities due to plasmin itself and those due to activator. If 
activator were formed with the addition of SK, and it had only 
lysine ester-hydrolyzing ability, or a different ratio of arginine to 
lysine ester-hydrolyzing ability, there might be some measurable 
difference in the activities or the ratio of activities between 
glycerol activated and SK-activated preparations. 

A second approach to the problem was the testing of TAMe 
and LME activities and ratios at successive steps in purification 
procedure to determine whether at any stage, a measurable 
separation of two enzyme precursors was being made. 

It has been reported by Kline (8), as well as by others (7), that 
whereas some lots of Fraction III yield highly purified plas- 
minogen, others do not. We, too, found the procedure incon- 
sistent from one lot to another, and we have, therefore, modified 
it. 

To avoid ambiguities because of solubility differences, or any 
other effects on the measurements of the two activities, all de- 
terminations of both TAMe and LME activities were done with 
the same buffer at the same pH, and with the same concentration 
of SK. 


EXPERIMENTAL PROCEDURE 


Six lots of Fraction III from human blood plasma? and one 
lot of SK* were used. Six milliliters of distilled water were 
added to each vial of SK (150,000 units of SK per vial), the 
solution was refrigerated, and not used after 1 week. A 0.1 mM 
solution of TAMe (commercial product) was made with distilled 
water. LME (commercial product) was dissolved in a small 
amount of distilled water, brought to between pH 6.0 and 6.5 
with dilute NaOH, then made up to 0.15 m with distilled water. 
Both solutions were refrigerated and stable for many weeks. 


Measurement of Enzymatic Activities 


The rate of hydrolysis of both TAMe and LME was deter- 
mined by the modification of the Hestrin method previously 


2 We wish to thank Dr. J. N. Ashworth, Assistant Director of 
the American Red Cross Blood Program for the Fraction III. 

3 We wish to thank Dr. J. M. Ruegsegger of Lederle Labora- 
tories, Division of the American Cyanamid Company for the strep- 
tokinase. 
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reported (9) with the following changes: The hydroxylamine 
reagent was made twice as concentrated (4m). This made the 
method less subject to error due to small variations in the con- 
centration of NH.OH, and gave stronger colors (26% stronger 
for TAMe, and 16% stronger for LME). To maintain the 
proper pH, the NaOH and HCl-trichloroacetic acid reagents 
were also made more concentrated. Volumes were all cut 10- 
fold. The run volume was 0.5 ml, and 0.1 ml aliquots were 
added to 0.2 ml of NH.ONa solution, and after reaction of the 
esters, 0.1 ml of HCl-trichloroacetic acid reagent was added, and 
finally 3.6 ml of FeCl; reagent for the color reading. It was not 
necessary to centrifuge any of the tubes before adding the FeC]; 
reagent. 

For a run, buffer, SK (or water), and ester were added to a test 
tube and put into a 37° bath for 5 minutes, then the plasminogen 
was added. Aliquots were removed at 0, 15, and 30 minutes. 
All runs were done in duplicate. The change in optical density 
in 30 minutes of the “spontaneous” run (no SK) was subtracted 
from that of the “enzyme” run and converted to wmoles of 
TAMe or LME hydrolyzed in 30 minutes per mg of protein. 

In the course of purification of plasminogen by this new pro- 
cedure, fractions were tested with varying amounts of SK. As 
the concentration of SK was increased, both TAMe and LME 
activities increased, then remained constant from about 2000 to 
20,000 units of SK per ml run, the largest amount tested, and 
therefore, 5000 units of SK per ml run were routinely used. 

All runs contained either 0.02 m TAMe or 0.08 m LME. The 
glycerol activation runs contained 0.1 m phosphate buffer, 
whereas the fractions tested during purification experiments 
contained 0.3 m phosphate buffer, both at pH 7.0 + 0.05. This 
higher phosphate concentration was used in the latter case be- 
cause all the fractions tested were at pH 2, and it was important 
to keep the pH of the run constant. Both activities were un- 
affected by changing the phosphate concentration from 0.1 to 
0.3 M, but were greatly affected by changes in pH. 

The glycerol activation runs contained 10% glycerol (0.1 ml 
aliquots from 50% glycerol activation mixtures were tested in a 
0.5 ml run volume). Under these conditions, both TAMe and 
LME activities were inhibited, 5% for TAMe and 13% for LME. 
This was determined when the same plasminogen preparations 
were activated by SK and tested in the presence and absence of 
10% glycerol, and also when the glycerol activated enzyme was 
dialyzed free from glycerol and retested in the presence and ab- 
sence of glycerol. 

With the conditions used, the disappearance of both TAMe 


and LME was linear until more than 50% of the substrate was | 


hydrolyzed, over a wide range of enzyme concentrations. Puri- 
fied preparations showed 65% of the TAMe activity measured 
at pH 9.0 in Tris buffer, and 55% of the LME activity measured 
at pH 6.5 in imidazole buffer. 

At all times during purification procedures, “spontaneous” 
runs (no SK) and “substrate control” runs (buffer, water, and 
substrate) showed no hydrolysis with TAMe as the substrate, 
but those with LME showed an average change of 0.030 in 
optical density in 30 minutes, equivalent to the hydrolysis of 2.3 
pmole of LME per ml run, or about 8% of the LME initially 
present. Since dilutions of plasminogen, made in ice water just 
before the run was started, were made so that approximately 
50% of the substrate was hydrolyzed in 30 minutes, the non- 
enzymatic hydrolysis of LME was about 16% of the total. 
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Dilutions of plasminogen made with ice water or cold HCl, pH 2, 
gave the same rates for both TAMe and LME hydrolysis. 


Protein Determinations 


The protein content of the various fractions was determined by 
the method of Waddell (10) with one change. The protein was 
diluted with 0.9% NaCl made in HCl, pH 2, instead of 0.9% 
NaCl made in distilled water. This was done to be sure that all 
the protein remained soluble. Comparison of the protein de- 
termined by these two ways for all fractions of plasminogen, 
showed that in most cases the acid results were 2% higher, but a 
few samples (some of those highly crude fractions obtained at 
the 0.48 m NaCl precipitation step) were 12 to 20% higher. 
Since these determinations did not enter into the calculations of 
purity or yield of enzyme fractions, they were ignored. 

All six preparations, after Step 6 in the purification procedure, 
were also read at 280 my after dilution in 0.9% NaCl in HCl, 
pH 2, and from the values found by the Waddell method, a 
factor for converting the reading at 280 my was calculated to be 
0.588 + 0.013 + 2.2%. The Waddell method was used through- 
out the purification procedure because it is about 10 times as 
sensitive as readings at 280 my. 


RESULTS 


Glycerol Activation Experiments 


Samples of three different plasminogen preparations, made by 
the Kline procedure, were incubated in 50% glycerol, pH 7.6, 
0.05 m phosphate buffer at varying temperatures, and were 
tested over a period of weeks for TAMe and LME activities in 
the presence and absence of added SK. The “SK enzyme” 
activities were obtained by subtracting the “glycerol enzyme” 
activities (no SK in the run) from the total activities measured 
(SK in the run), after each value was corrected for nonenzymatic 
substrate hydrolysis. 

Fig. 1 shows the development of “glycerol enzyme” activities, 
and Fig. 2 shows the loss of “SK enzyme’’ activities, for the 
three preparations. It can be seen that in all cases, the activities 
of the glycerol enzyme for TAMe and LME appear together, and 
the activities of the SK enzyme for TAMe and LME disappear 
together. The average ratio of TAMe to LME activities for 
the glycerol enzyme was 1.31 + 0.13, and that of the SK enzyme, 
1.20 + 0.06. 

One of the preparations, V, after 99 days in glycerol (30° for 
most of this time) was dialyzed against HCl, pH 2.0 in the cold, 
the enzyme precipitated by the addition of dilute NaOH, washed 
with water, and dissolved in HCl, pH 2.0. The resulting TAMe 
and LME activities were, respectively, 46.8 and 38.4 umoles per 
30 minutes per mg of protein, with a ratio of 1.22, as compared 
to 44.4 and 32.6, with a ratio of 1.37 before this treatment. 

The same three plasminogen preparations were added to 
glycerol, brought to pH 7.6 with phosphate buffer, and activated 
with SK (by adding enough SK so that a 0.1 ml aliquot contained 
625 units of SK). No difference in either TAMe or LME ac- 
tivity of this SK-activated enzyme was found between runs with 
added SK (6250 units of SK per ml run) and those with no added 
SK (1250 units SK per ml run). No difference in loss of ac- 
tivities on standing 2 weeks at room temperature, 30° or 37° 
was found. All lost an average of 11% of the TAMe activity 
and 10% of the LME activity. The average TAMe to LME 
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Fig. 1. Glycerol activation of three preparations of plasmino- 
gen (purified by the Kline procedure) in 50% glycerol, pH 7.6, at 
varying temperatures. 100% activity is the activity measured 
when an aliquot was removed, immediately after preparation of 
the plasminogen-glycerol-buffer solution, and tested at pH 7.0, 
phosphate buffer, in the presence of 5000 units of SK per ml run, 
with either 0.02 m TAMe or 0.03m LMEintherun. Aliquots were 
removed at stated times and tested under the same conditions, but 
SK was omitted from the run, and the per cent activity calculated. 


ratio for the preparations tested without additional SK in the 
run was 1.37 + 0.10 and that with added SK was 1.27 + 0.08. 


Purification Procedure 


Table I shows the yield and purity of plasminogen obtained 
from one lot of Fraction III carried through the Kline procedure 
(8). Table II shows the average yield, purity and ratio of 
TAMe to LME activities from six lots of Fraction III at each 
step in the modified procedure outlined below: 

1. Sulfuric Acid Extraction—This extraction differed from the 
Kline procedure by adjusting the mixture of dilute H.SO, and 
Fraction III to pH 2.0 before centrifuging. Control of pH was 
very important during this initial extraction. Lowering the pH 
extracted purer plasminogen, but in decreased yield, whereas 
raising the pH extracted cruder plasminogen in greater yield. 
The latter, however, lost more activity proportionally on further 
purification, resulting in no final advantage in yield or purity 
over extraction at pH 2.0. 

The protein extracted varied from lot to lot. Only 230 mg of 
protein were extracted from 10 g of Lot 1736, whereas 1860 mg 
of protein were extracted from 10 g of Lot 1756. The average 
protein extracted from all six lots was 1049 mg per 10 g. 

2. Precipitation at 1 u NaCl, pH 2.0 to Concentrate Protein— 
This treatment has been shown to concentrate plasminogen 
without purifying it (3). The calculated quantity of 2 m NaCl 
(made in HCl, pH 2.0) was added to bring the supernatant fluid 
to 1 m NaCl, pH 2, and centrifuged after at least 30 minutes at 
room temperature. The precipitate was washed with 1 m NaCl, 
pH 2, and dissolved in HCl, pH 2, so that the protein content 
was between 8 and 15 mg per ml. 

In a few cases, when the protein concentration of the acid 
extract was low, much activity was lost by the subsequent pH 11 
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Fic. 2. SK activation of three preparations of plasminogen 
(purified by the Kline procedure) in 50% glycerol, pH 7.6 at vary- 
ing temperatures. 100% activity measured when an aliquot was 
removed immediately after preparation of the plasminogen-glyc- 
erol-buffer solution, and tested at pH 7.0 in the presence of 5,000 
units of SK per ml run, with either 0.02 m TAMe or 0.03 m LME 
in the run. Aliquots were removed at stated times and tested 
under the same conditions, in the presence and absence of added 
SK in the run. The activity in the absence of SK (glycerol en- 
zyme, shown in Fig. 1) was subtracted from the activity in the 
presence of SK (total activity due to glycerol and SK enzyme), 
and was called the activity due to SK enzyme, and its per cent ac- 
tivity was calculated. 




















TABLE I 
Ten grams of Fraction III, Lot No. 1548, purified by Kline 
procedure 
Procedure Protein TAMe 
s¥s | 
l Soe = 
cima] tat | Soh | wel ite, el 
Bt 
Acid extract 7.37; 980 | 100 | 15.4 15, 100) 100 
pH 11, pH 5.3, pH 2, centri- | 5.89) 660 67 | 15.8 10, 400) 69 
fuged, supernatant | 
pH 9, centrifuged, dialyzed | 3.76) 94.0} 9.6) 38.5) 3,620! 24 
supernatant versus 0.25 M | 
phosphate buffer, pH 6.0, | 
10 min, then allowed to 





precipitate overnight in 
refrigerator. Precipitate 
dissolved in water plus 
drop of HCl. 


| 
| 
| 
| 

















treatment. Lot 1736, which gave the lowest amount of plasmino- 
gen extracted, was not greatly purified by the Kline procedure 
(yielding small quantities of plasminogen with a purity of 20 
pmoles of TAMe per 30 minutes per mg of protein), and it was 
found that great losses had occurred at the pH 11 step because 
of the low protein content of the first acid extract. With con- 
centrated protein solutions, the time at pH 11 was not critical. 
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No loss in either TAMe or LME activity was found after 60 
minutes at pH 11, and one crude extract lost only 12% of each 
activity after 22 hours at pH 11. 

3. pH 11 Treatment—The solution was brought to pH 11 for a 
few minutes, back to pH 2, and centrifuged in the cold. The 
gelatinous precipitate often found was discarded. This differed 
from the Kline procedure in which the mixture of solution and 
precipitate remained at pH 5.3 for a few hours, before adjusting 
to pH 2 and centrifuging. 

When pH 11 treatment was omitted, the subsequent fractional 
precipitation with NaCl was ineffective. By mistake, the protein 
content of Lot 1756 at pH 11 was twice as large as that of the 
other preparations. Although the final plasminogen obtained 
was of the same order of purity as the other preparations, the 
yield was greatly reduced. Whether this low yield was due to 
the cruder initial extract (12.4 umoles of TAMe per 30 minutes 
per mg of protein) or to the purification with great loss taking 
place at pH 2 after pH 11 treatment because of the high protein 
content, has not been determined. This preparation had an 
activity of 14.7 umoles of TAMe per 30 minutes per mg of protein 
after Step 2, and 25.6 after Step 3, retaining only 43% of the 
total TAMe activity. The other 5 preparations changed very 
little in purity or yield at this point. 

4. 0.48 au NaCl, pH 2 Treatment—This fractional precipita- 
tion step was the major change from Kline procedure. It re- 
placed his precipitation of plasminogen from dilute phosphate 
solution, a step we found variable in its ability to purify different 
lots of Fraction III. Cold 2 m NaCl, pH 2.0 was added slowly 
to the supernatant fluid in an ice bath to bring it to 0.48 m NaCl. 
The solution was refrigerated for a few hours or overnight, then 
centrifuged in the cold, and the precipitate washed with cold 
0.48 m NaCl, pH 2, and the washings added to the supernatant 
fluid. The precipitate was discarded. Jt contained much in- 
active protein and crude plasminogen, with an average activity 
of 13.5 uymoles of TAMe per 30 minutes per mg of protein. 

5. 1.0 u NaCl, pH 2 Treatment—The cold supernatant fluid 
and washings were brought to 1 Mm NaCl, pH 2 by adding the cal- 
culated amount of cold 2 m NaCl, pH 2, refrigerated overnight, 
then centrifuged in the cold. The precipitate was washed with 
cold 1 mM NaCl, pH 2, and dissolved in HCl, pH 2 so that the 
protein content was between 5 and 10 mg per ml. At this point 
in the procedure, an average of 16% of the originally extracted 
protein, and 39% of the TAMe and LME activities were left. 

6. Dialysis against HCl, pH 2, Cold, to Remove Salts—This step 
increased both activities slightly. 

7. Refractionation with NaCl, pH 2—NaCl, 2 m, pH 2, was 
slowly added to the first sign of cloudiness, generally when the 
salt concentration was 0.65 m. The precipitate was discarded, 
and the solution was brought to 1 m NaCl to precipitate the 
plasminogen. Alternately, the plasminogen was precipitated by 
adding dilute NaOH to the first sign of cloudiness. Both pro- 
cedures were carried out in an ice bath. An average of 43% of 
the total activity in the dialyzed preparations were precipitated 
here with about 1.5 times the specific activity of the dialyzed 
preparations. 

It can be seen in Table II that when the plasminogen was 
purified with respect to its TAMe activity, it was also purified 
with respect to its LME activity. The ratio remained essentially 
unchanged throughout the procedure. 

The data for a preparation made from Lot 1543 prepared by 
the Kline procedure is shown in Table I. The final product 
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TABLE II 
Purification of 10-g samples from siz lots of Fraction III from 
human blood plasma 
Data are the averages (-ta.d.) of the activities, yields, and 


TAMe:LME of all six preparations after each step in the purifica- 
tion. 








After ee Step TAMe LME a 
pmoles/30| % total | wmoles/30| % total 
min/mg orig. min/mg orig. 
protein activity protein activity 
1 16.6 100 12.5 100 1.34 
+ 1.9 + 1.8 + 0.10 
2 20.3 80.2 15.7 83.5 1.31 
+ 3.8) +5.7| + 3.4| + 9.5 + 0.08 
3 21.4 79.9* | 16.3 79.9* | 1.30 
+ 5.3) +4.9| + 3.3 | + 4.4 + 0.07 
4,5 46.0 41.6* | 31.7 37.0* 1.45 
+ 3.1) +6.8| + 3.4| + 5.4 + 0.10 
6 49.2 43.1* | 33.0 36.5* | 1.51 
+ 4.3) 46.5) +4.7/ + 5.4 + 0.14 
7 73.4* 17.6* | 53.0* 16.5* 1.38* 
+7.9|4+6.1| + 5.2| + 5.9 + 0.02 




















* These values are for five preparations only. Lot 1756 was not 
included in these averages because the protein, after Step 2, was 
twice as concentrated as in the other preparations. Although this 
did not affect the purity of the product, the yield was greatly 
reduced, and Step 7 was not carried out on this preparation. 


hydrolyzed 38.5 uwmoles of TAMe per 30 minutes per mg of 
protein and the total yield was 24% of the original activity ex- 
tracted, compared to the new procedure after dialysis (Step 7 
was not carried out for this preparation), which hydrolyzed 45.1 
umoles of TAMe per 30 minutes per mg of protein, with a yield 
of 55%. 


DISCUSSION 


In the course of purification of plasminogen, the TAMe to 
LME ratio of the SK-activated enzyme remained constant. 
Therefore, no factor was concentrated or lost which, when ac- 
tivated by SK had significant ability to hydrolyze only lysine 
esters, or had a different ratio of activities towards TAMe and 
LME than that of plasmin itself. 

When plasminogen was activated by glycerol incubation, the 
TAMe to LME ratio remained the same as when it was activated 
by SK. These data, therefore, give no support to the postulate 
that an activator is formed when SK is added to preparations of 
human plasminogen, which has any significant ability to hydro- 
lyze esters of lysine, or to hydrolyze both lysine and arginine 
esters in a different ratio than that of plasmin itself. 


SUMMARY 


Plasminogen preparations, prepared by the Kline procedure, 
were activated either in 50% glycerol solution, or with strepto- 
kinase. The ratio of the resulting p-toluenesulfonyl-t-arginine 
methyl ester to L-lysine methyl ester activities was the same in 
all cases. The same preparations were activated by strepto- 
kinase in 50% glycerol solution, and again the ratios were the 
same. All the measurements were done at pH 7.0 in phosphate 
buffer, and contained 10% glycerol in the runs. 

The Kline purification procedure was modified, and a frac- 
tional precipitation step, with NaCl at pH 2.0 was added; the 
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phosphate precipitation step was eliminated. This change in 
procedure made it possible to purify different lots of plasminogen 
to the same degree. The ratio of the two esterase activities of 
all fractions in the purification procedure was found to remain 
constant. 

From these experiments, it is concluded that no evidence for an 
enzyme precursor “proactivator” or an enzyme “activator,” with 
either lysine methyl esterase activity only, or with a different 
ratio of activity towards the two esters from plasmin itself, has 
been obtained. 


Acknowledgments—The author wishes to thank Dr. Susan J. 
Mellette for many discussions of the “activator” question, and to 
thank William A. Powell and Mrs. Elizabeth S. Mingioli for able 
technical assistance. 
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Nonsteroid Ovarian Hormones 


Ill. THE PROPERTIES OF RELAXIN PREPARATIONS PURIFIED 
BY COUNTER-CURRENT DISTRIBUTION* 


Epwarp H. Frrepen, Naomi R. Stone, anp Nort W. LAYMAN 


From the Arthur G. Rotch Laboratory of the Boston Dispensary, Boston, Massachusetts 


(Received for publication, January 14, 1960) 


A recent report from this laboratory (1) included a description 
of the behavior of relaxin preparations upon counter-current 
distribution in aqueous trichloroacetic acid:secondary butanol 
systems. It was shown that in the system 1.0% trichloroacetic 
acid:2-butanol relaxin was largely concentrated in the upper 
phase; the apparent distribution coefficient, as determined in 
several distribution experiments, was about 3.0, and all of the 
biological activity could be recovered from a band no wider than 
that expected for a single substance. When the concentration 
of trichloroacetic acid in the aqueous phase was reduced to 0.1%, 
the apparent distribution coefficient decreased, as expected. In 
the latter system, however, the values for the apparent distribu- 
tion coefficient fluctuated considerably from one experiment to 
another. Although most of the experiments for which assay 
data were obtained indicated that the K lay between 0.3 and 
0.4; values as low as 0.2 and as high as 0.9 were obtained upon 
other occasions, 

Neither of the systems described above seemed to be well 
suited to the ultimate purpose of separating relaxin from ac- 
companying contaminants. In 1% trichloroacetic acid:2-bu- 
tanol, the distribution of inactive components was such that a 
clean separation could not be obtained within a reasonable num- 
ber of transfers. The more dilute acid, 0.1% trichloroacetic 
acid:2-butanol system was more favorable in this respect; how- 
ever, the readiness with which emulsions formed under these 
conditions limited its use to solutions of very low protein con- 
tent. The information gained from these studies was neverthe- 
less of considerable value; in particular, it led to the development 
of a greatly improved procedure for the isolation of relaxin from 
acetone-dried ovarian powder (2). 

A solvent system with more favorable characteristics was found 
in the system 0.2% trichloroacetic acid :2-butanol; the apparent 
distribution coefficient of relaxin was near 0.7, whereas the bulk 
of the inactive material concentrated in the upper phase. Sep- 
aration of phases occurred more rapidly and cleanly than with 
the other systems studied. When relaxin preparations were 
subjected to extensive fractionation in the 0.2% trichloroacetic 
acid :2-butanol system, evidence was obtained for the existence 
of several compounds with relaxin activity. A description of the 


* Supported by grants (No. RG-5414) from the Division of Re 
search Grants and Fellowships, United States Public Health Serv- 
ice, and from Hynson, Westcott, and Dunning, Inc., Baltimore, 
Maryland. Some of the material in this paper was presented at 
the meeting of the American Society of Biological Chemists, At- 
lantic City, New Jersey, April, 1959. For the previous paper in 
this series, see reference (2). 


partial isolation and some of the properties of the most active of 
these compounds is given in this paper. 


EXPERIMENTAL PROCEDURE 


Two preparations of relaxin were used. These were prepared 
from acetone-dried sow ovarian powder and contained, respec- 
tively, 40 and 100 GPU! per mg. The method of preparation 
and the technique of bio-assay have been described elsewhere (2, 
3). 

2-Butanol suitable for use was prepared by distillation after 
refluxing reagent grade secondary butanol with calcium oxide for 
24 to36 hours. By this means, the optical density (E467 »,) may 
be reduced to 0.3 or lower. Equal volumes of butanol and 0.2% 
(weight per volume) aqueous trichloroacetic acid were shaken, 
allowed to equilibrate, and separated. The relaxin sample was 
dissolved in lower phase and dialyzed for 6 to 18 hours against 
an excess of lower phase. In some experiments, the pH of the 
solution, after dialysis, was adjusted to the pH of pure lower 
phase (2.4) by the cautious addition of 25% trichloroacetic acid. 

The apparatus used for the distribution experiments was an all 
glass robot-operated counter-current apparatus with 100 tubes, 
accommodating 10 ml of lower phase (H. O. Post Instrument 
Company, Maspeth, New York). In some instances, to insure 
complete separation of the two phases, it was necessary to oper- 
ate with settling times in excess of the maximum permitted by 
the robot. This was achieved without sacrifice of automatic 
operation by the use of timers? which interrupted the line current 
for a fixed interval during the settling phase of the cycle. The 
distribution apparatus was used in a room in which the tempera- 
ture was maintained at 22 + 1°. 

At the completion of an experiment, the contents of each tube 
were removed to a graduated test tube, the volumes of the two 
phases recorded, and ethanol added. Protein concentrations 
were determined by measuring the optical density of the result- 
ing solution at 285 mu. To recover the solute, the solutions 
were evaporated to 15 to 25 ml on a rotary evaporator at 25-35°, 
the pH was adjusted to 5.5 to 6.5, and the solution was dialyzed 
against distilled water to remove trichloroacetate. 


' The abbreviation used is GPU, guinea pig units. 

? Manufactured by Automatic Electric Mfg. Company, Man- 
kato, Minnesota. 

’ Although the extinction coefficient of relaxin preparations is 
somewhat lower at 285 my than in the region 260 to 280 my, the use 
of the longer wave length helps to reduce the solvent blank, which 
rises sharply below 285 mu. 
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RESULTS 


Fig. 1 indicates the results obtained when about 1 g of relaxin 
preparation 167-1 was distributed between 0.2% trichloroacetic 
acid and 2-butanol for 100 transfers. The solid line indicates 
solute concentration (as determined at ) = 285 my), and the 
shaded bars indicate relaxin concentrations, as determined in 
5-tube pools. It may be observed that more than 90% of the 
activity recovered was found in tubes 41-60; only 14% of the 
original protein was contained in the tubes containing the active 
fraction. The apparent distribution coefficient for relaxin in 
this system was about 0.9. 

For the fractionation of larger amounts of relaxin in the 0.2% 
trichloroacetic acid:2-butanol system, a preliminary separation 
was carried out in separatory funnels. <A total of 18 g of two 
relaxin preparations (1.4 x 10° GPU) was dissolved in lower 
phase, the solution diluted to 300 ml, and dialyzed for 18 hours 
against about 10 liters of lower phase. The solution was ad- 
justed to pH 2.5 and centrifuged. The supernatant fluid was 
then distributed for 12 transfers in the 0.2% trichloroacetic 
acid :2-butanol system in separatory funnels, the volume of each 
phase being 250 ml. The contents of funnels 4 to 9 were com- 
bined, the volume reduced by evaporation under reduced pres- 
sure (25-32°) to 800 ml, the pH adjusted to 5.4, and the volume 
further reduced to 50 ml. The clear solution was then dialyzed 
for 18 hours against two changes of fresh lower phase. The 
solution, which had deposited a precipitate, was adjusted to pH 
2.3 and centrifuged. The supernatant fluid was distributed 
among the first 10 tubes of the Craig apparatus and distributed 
for 110 transfers in the 0.2% trichloroacetic acid:2-butanol 
system (Experiment 98). 

The contents of tubes 36-60, Experiment 98, were combined 
and concentrated as before. After a preliminary 4-hour dialysis 
against running distilled water, a second dialysis for 6 hours 
against lower phase, and adjustment of the pH, the clear solution 
was returned to the Craig apparatus for distribution in the same 
system. After 102 transfers, the contents of tubes 0-34 and 
66-99 were removed, and replaced by fresh solvents. The appa- 
ratus was arranged for recycling, and the distribution continued 
for another 300 transfers (2 n = 400). 

The distribution of protein, and of relaxin activity (as deter- 
mined by assays of 10- or 20-tube pools) is shown by the solid 
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Fig. 1. Distribution of relaxin Preparation 167-1 for 100 trans- 
fers in 2-butanol:0.2% trichloroacetic acid. The solid line repre- 
sents the optical density at 285 my (left ordinate), the shaded bars 
the relaxin content, in GPU, of 5-tube pools (right ordinate). 
Abscissa: tube number. 
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line and shaded bars, respectively, in the upper half of Fig. 2, 
Relaxin recovery in this experiment totaled 3 X 10°GPU (22% 
of the original) ; another 1.2 x 10®GPU was found in the materia] 
removed after the first 100 transfers. The specific activity of 
material from the region of greatest activity (tubes 0-20) was 
approximately the same as that in the active pool from the previ- 
ous experiment (i.e. about 10 times that of the original material), 

It may be observed that significant relaxin activity was found 
in each of the five pools examined. The symmetrical curve of 
Fig. 2 indicates the theoretical distribution to be expected for a 
single substance with a distribution coefficient such that its max- 
imal concentration occurs in tube 10. The wide disparity be- 
tween the observed and expected distributions susggested that 
more than one biologically active component was present. 

For further resolution of the components of the mixture repre- 
sented in the upper half of Fig. 2, the most active fractions were 
combined in three pools (80-99 and 0-4; 5-25; and 26-40). 
Each pool was concentrated by evaporation, trichloroacetic acid 
and residual butanol were removed by dialysis, and the resulting 
solutions were distributed in the system 0.1% trichloroacetic 
acid:2-butanol. The number of transfers applied ranged from 
165 to 250. The results are summarized in the lower half of 
Fig. 2. Four components with significantly different distribu- 
tion coefficients (0.38, 0.49, 0.62, 0.72) may be distinguished, 
although it appears that the latter two are incompletely resolved. 

Relaxin assays were performed on the ascending and descend- 
ing limbs of the peaks found in Experiments 102 and 103, and on 
narrow (5-tube) bands across the principal peak of Experiment 
101. These data are represented by the shaded bars in the lower 
half of Fig. 2. On the basis of the relaxin contents of the several 
pools from Experiment 99, the activity recovered in Experiments 
101, 102, and 103 amounted to 80%, 40%, and 105%, respec- 
tively. 


Properties of Relaxin Preparations 


Studies of the physical and chemical properties of relaxin were 
made with material isolated from the principal peaks of Experi- 
ments 101 and 103, since these appeared to be most nearly homo- 
geneous, as well as possessing the highest specific activities.! 
After evaporation of the solvent, dialysis against several changes 
of distilled water, and lyophilization, there was obtained in each 
‘ase a white, very hygroscopic powder which dissolved readily in 
water to yield a light tan solution. Each contained 14 to 15% 
nitrogen, corrected for moisture and trichloroacetic acid content. 

Sedimentation Constant—The sedimentation constant for 
Preparation 101 was determined for a 1.6% solution in the Spinco 
analytical ultracentrifuge (Fig. 3). A value of 89 = 1.15 X 
10- was obtained, which suggests that the molecular weight is 
in the range 8,000 to 10,000. Fig. 3 shows that Preparation 101 
is essentially monodisperse. 

Absorption Spectrum—It had been noted previously (4) that 
relaxin preparations possessing specific activities in the range 50 
to 200 GPU per mg were characterized by a wide, nearly flat 
shoulder in the region 255 to 275 mu. As shown in Fig. 4, this 

4 Samples 101 and 103 were, respectively, 16 and 20 times as ac- 
tive as the original relaxin preparation. Their potencies were 
therefore 1200 to 1500 GPU per mg. 

5 We are indebted to Mr. Daniel Wellner, of the Department of 
Biochemistry, Tufts University Medical School, for this determi- 
nation. 
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Fia. 2. Top, distribution of relaxin for 400 transfers in 0.2% 
trichloroacetic acid:2-butanol. The upper solid line represents 
the optical density at 285 my (left ordinate); the shaded bars rep- 
resent relaxin activity (GPU/ml, right ordinate). The symmetrical 
curve is the expected distribution for a component with maximal 
concentration in tube 10 (NV = 210,K = 1.1). Abscissa: tube num- 





Fic. 3. Sedimentation behavior of relaxin Preparation 101 
(concentration, 1.6%). Temperature, 24.2°; V = 59,713 r.p.m. 
The photographs were taken at 16-minute intervals. 


characteristic persists through extensive purification. In alka- 
line solution the absorption curve is shifted upward and to the 
right; the width of the shoulder is substantially decreased. 
Non-Amino Acid Components—Examination of both relaxin 
preparations for hexose, hexoseamine, and pentose by both 


wWwileaa 
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in 0.1% trichloroacetic acid:2-butanol. Measurements of optical 
density and relaxin concentrations indicated as described above. 
Calculated distribution coefficients for the principal components 
were as follows: Experiment 103, 0.88; Experiment 101, 0.49; Ex- 
periment 102, 0.62 and 0.72. (For further details, see text.) 
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Fic. 4. Ultraviolet absorption spectra of relaxin preparations. 
— -—, Preparation 170-1 (100 GPU/mg); - - - -, Preparation 101 
(1200 GPU/mg) ; ——, Preparation 103 (1500 GPU/mg). The spec- 
trum of crystalline pork insulin (..... ) is included for comparison. 
Ordinate: extinction coefficient; Abscissa: wave length in my. 








colorimetric (5) and chromatographic methods revealed only 
traces (<1%) of these compounds. Although relaxin samples 
of lower specific activity contained appreciable quantities of 
sialic acid, exposure to neuraminidase for 4 to 6 hours failed to 











TABLE [| 


Amino acid composition of relaxin preparations 























Preparation 101 Preparation 103 

Amino acid Amino | Moles | Amino | Moles 

acid | Nitrogen per acid Nitrogen per 

vcmaced, 7500 g residues | 8700 g 

g/100 g | % of total g/100 g | % of total 
Aspartic acid...| 9.67 TA 6.3 8.00 5.5 6.0 
Threonine...... 3.78 3.2 2.8 3.85 3.0 3.3 
WN. k wcias. 5.24 5.1 4.5 4.35 4.0 4.4 
Glutamic acid..| 17.20 | 11.2 10.0 | 13.91 8.6 9.4 
WYOMMO@ 5.05083 5.23 4.6 4.0 4.62 3.8 4.1 
Glycine..... 3.93 5.8 5.2 3.87 5.4 5.9 
Alanine..... .| 6.50 ak 6.9 5.22 5.9 6.4 
Cystine..... 1.32 1.1 0.5 3.00 2.3 1.3 
Valine........ 5.23 | 4.5 4.0 | 5.55| 4.5 4.9 
Isoleucine......) 4.55 3.4 3.0 | 2.70] 1.9 a1 
Leucine........ 0.73 | 7.8 6.5 | 8.40] 5.9 5.6 
Tyrosine.......| 2.84 | 1.5 | 1.3 | 1.26 | 0.61 0.7 
Phenylalanine..| 3.92 2.3 | 2.0 | 3.11 ie 1.8 
Lysine. ... 9.25 | 12.2 5.4 6.67 | 8.3 4.5 
Ammonia... 9.4 | 8.3 11.0 | 12.0 
Arginine....... 4.87) 10.5 | 2.3 3.43 7.0 1.9 
Totals........| 98:3 96.9 | | 77.9 | 79.4 














reduce their biological activity.6 As determined by the di- 
phenylamine procedure of Saifer et al. (6), the sialic acid content 
of both purified samples was less than 1%. 

Amino Acid Composition—A significant difference between the 
two relaxin samples was revealed in determinations of the a- 
amino nitrogen of their acid hydrolysates. When samples of 
each preparation were hydrolyzed with a large excess (1000- 
fold) of 6 N HCl, their a-amino N contents, expressed as per cent 
leucine equivalent, and corrected for moisture and trichloroacetic 
acid were 120% for Preparation 101 and 106% .for Prep- 
aration 103. ; 

For quantitative determination of amino acid composition, a 
sample of each preparation was dried in a vacuum at 100° and 
hydrolyzed in 6 N HCl for 20 to 24 hours at 100-115°. The hy- 
drolysates were evaporated to dryness three times in a current of 
warm air, redissolved in water, and filtered. Aliquots of the 
filtrate equivalent to 4 to 5 mg of peptide were chromatographed 
on Amberlite IR-120 columns by the procedure of Moore e¢ al. 
(7). For determination of tryptophan, the dimethylaminobenz- 
aldehyde procedure of Spies and Chambers (8) was applied to 
samples of the unhydrolyzed peptides. Only traces (<0.5%) 
were found. The absence of histidine and methionine was con- 
firmed by two-dimensional paper chromatography of the hy- 
drolysate. The solvents used were butanol-acetic acid-water, 
m-cresol-water, and 2-butanol-pH 6 buffer. 

The analytical data are summarized in Table I. Recovery of 
a-amino N was 97% for Preparation 101 and 91% for Prepara- 
tion 103. The values in Columns 2 and 4 (grams amino acid 
residue per 100 g of peptide) were corrected for the trichloroacetic 
acid content of each preparation and for losses due to humin 
formation; the latter correction, which amounted to 13 to 15%, 
was calculated from a comparison of the total a-amino N con- 


® The kind assistance of Dr. R. J. Winzler, of the Department 
of Biochemistry, University of Illinois Medical School, in the per- 
formance of these experiments is gratefully acknowledged. 


Properties of Relaxin Preparations. III 
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tent of the sample actually used with that found after hydrolyzing 
another sample in the same way, except that the ratio of acid to 
sample was 10 times as large. Under these conditions the solu. 
tions remained perfectly clear, with only a faint yellow color. 


DISCUSSION 


From consideration of the results of the experiments sum- 
marized in Fig. 2, it seems clear that relaxin activity is associated 
with several closely related peptides. This conclusion is based 
upon the width of the relaxin band after 400 transfers (Experi- 
ment 99), and the fact that subsequent refractionation of seg- 
ments of the active band yielded at least 3 components with 
significantly different distribution coefficients. Although none 
of the latter was entirely homogeneous, appropriate calculations 
discount the possibility that the activity distribution in Experi- 
ments 101, 102, and 103 can be explained by assuming the exist- 
ence of only one active compound. However, further fractiona- 
tion will obviously be required for the complete isolation of each 
of the component peptides. 

The analytical data for Preparation 101 indicate that about 
97% of its nitrogen and 93% of its weight is accounted for by 
its known amino acid content. The corresponding values for 
Preparation 103, however, are 78 and 79%. Thus it appears 
that a substantial part of Preparation 103 is in the form of 
non-amino acid constituents. Estimates of probable molecular 
weights based upon amino acid composition average about 7500 
for Sample 101 and 8700 for Sample 103. The values in Col- 
umns 4 and 7, Table I (moles amino acid residue per mole of 
protein) were calculated from these estimates; the close corre- 
spondence of amino acid ratios for the two relaxin samples indi- 
cate that their peptide components are very similar. The low 
recovery of cystine from Sample 101 is probably due to de- 
struction during hydrolysis, since the readiness with which re- 
laxin activity is lost upon exposure to reducing agents (9) indi- 
cates that at least 1 mole of cystine is present; similar 
considerations, based upon the sensitivity of relaxin to iodina- 
tion (10), suggest that at least one tyrosyl residue is present in 
the molecule. 

A still unexplained feature of both preparations relates to the 
origin of the absorption in the region 260 to 280 my. Quite 
apart from the atypical shape of the absorption curve, the aro- 
matic amino acids of Preparations 101 and 103 account for but 
25 and 13%, respectively, of the absorption at 270 my. In 
contrast, the tyrosine content of another tryptophan-free protein, 
insulin, accounts for 95% of the absorption of the native protein. 


SUMMARY 


By counter-current distribution of relaxin preparations in 
2-butanol:aqueous trichloroacetic acid systems, several com- 
ponents with relaxin activity have been separated. The prop- 
erties, including amino acid composition, of two of these have 
been described. Relaxin activity is associated with peptides 
with molecular weights in the range 7500 to 9000, containing 
most of the commonly occurring amino acids, except histidine, 
methionine, and tryptophan. Although one of the preparations 


7 In similar experiments, the hydrolysis of crystalline lysozyme 
in 6 N HCl when the protein concentration was 5 mg per ml re- 
sulted in a loss of 17% of a-amino N, compared to that liberated 
when the protein concentration was 1 mg per ml. In contrast, 
the yield of a-amino N from the hydrolysis of crystalline ribonu- 
clease was the same at both concentrations. 
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contains a substantial proportion of a non-amino acid moiety, no 
pentose, hexose, hexoseamine, or sialic acid were found. 
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Several preceding reports from these laboratories (2-5) and 
elsewhere (6-8) have defined carboxypeptidase B as a pancreatic 
proteolytic enzyme capable of rapidly hydrolyzing peptide bonds 
to release certain carboxyl-terminal basic amino acids from pep- 
tides and proteins. The enzyme has been partially purified in 
the form of its inactive zymogen from bovine pancreas glands 
(3, 8). 

In the present communication a convenient procedure for the 
preparation of purified active carboxypeptidase B from autolyzed 
porcine pancreas tissue is given in detail. Some of the chemical 
and molecular properties of this enzyme are also presented. A 
sensitive and convenient spectrophotometric assay for carboxy- 
peptidase B activity is outlined. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Assay Procedure and Definition of Units—The method em- 
ployed to measure carboxypeptidase B activity is based on the 
difference spectra of hippuric acid relative to hippuryl-L-arginine.? 
Procedures similar to the present one have been employed to 
estimate tryptic and chymotryptic activities (9). When the 
absorbancy of a 0.001 m solution of hippuric acid in 0.025 m 
Tris,? pH 7.65, containing 0.1 m NaCl, was measured against a 
blank consisting of a 0.001 m solution of hippuryl-L-arginine (3) 
in the same buffered salt solution, a broad peak was observed in 
the ultraviolet region with a maximum at 254 my. At this wave 
length the difference in absorbancy was 0.36 (1-cm cells). 

Routine assays were carried out in the following manner: 3 ml 
samples of a 0.001 m solution (prepared fresh daily) of hippuryl- 
L-arginine in the buffered salt solution were placed in 1-em quartz 
cells in the Beckman model DU spectrophotometer and the ab- 
sorbancy was set to zero at 254 my (slit width 0.4, photomulti- 
plier at sensitivity position 4). Enzyme solution was introduced 


* For carboxypeptidase nomenclature see (3). 

+ Presented in part before the Annual Meeting of the American 
Society of Biological Chemists, Chicago, Illinois, April 11 to 15, 
1960 (1). 

t Laboratory of Biochemistry, National Institute of Dental 
Research, National Institutes of Health. 

§ National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health. 

1 Unpublished difference spectrophotometric procedures for 
studies of the carboxypeptidase B-catalyzed hydrolysis of hip- 
puryl-t-lysine (10) and other lysine carboxyl-terminal substrates, 
as well as the carboxypeptidase A-catalyzed hydrolysis of benzoyl- 
L-lysylglycine (10), are being employed in these laboratories. 
These substrates have offered difficulties in the ninhydrin assay 
procedure owing to the presence of the free amino group of lysine. 

2 Tris(hydroxymethy])aminomethane- HCl. 


in a volume of from 5 to 20 ul, the absorbancy was immediately 
reset to zero with the sensitivity knob, and the increasing ab- 
sorbancy was recorded frequently for the desired length of time. 
A solution of 0.001 m hippuric acid in buffered salt solution was 
routinely used as a reference standard during enzyme runs. 

All assays were conducted at room temperature (25°). Ap- 
parent zero order kinetics was observed up to about 40% hy- 
drolysis. Enzyme concentration was adjusted so as not to ex- 
ceed 30% hydrolysis within 10 minutes. A plot of change in 
absorbancy at 254 my with time for several enzyme concentra- 
tions is shown in Fig. 1. It is apparent from the data shown in 
this figure that the rate of substrate hydrolysis is directly pro- 
portional to enzyme concentration within the range employed. 

Protein concentration was estimated by the trichloroacetic acid 
turbimetric procedure (11) or from nondializable total nitrogen 
(micro-Kjeldahl) values. Units of activity are defined as the 
percent hydrolysis per minute at the 0.001 mM substrate concentra- 
tion, and specific activity is expressed as units per mg of protein. 


Purification Procedure 


Preparation of Acetone Powders—Frozen whole swine pancreas 
glands were cut into slices of approximately 5 mm thickness and 
spread in enameled trays to a depth of 2to4em. The trays were 
covered with heavy paper and the tissue was allowed to autolyze 
for 16 hours at room temperature. The entire autolysate was 
extracted with 4 volumes of acetone at room temperature for 1 
minute in a Waring Blendor at high speed and filtered rapidly 
with suction. The residue was re-extracted successively in the 
Blendor twice with 4 volumes of acetone, once with 4 volumes of 
acetone-ether (1:1 by volume), and once with 4 volumes of 
ether and was spread out to dry at room temperature. These 
powders of autolyzed swine pancreas have been stored at 4° for 
several months without loss of carboxypeptidase B activity. 

Preparation of Extracts—Fifty grams of the powder were ex- 
tracted with 1 liter of distilled water at room temperature by 
gently swirling for 15 minutes in a 2-liter Erlenmeyer flask. The 


3 Carboxypeptidase B exists in fresh frozen porcine pancreas 
tissue, at least in part, as an inactive zymogen. Extracts of an 
acetone powder, prepared by a different procedure, are low in en- 
zyme activity. Treatment of these extracts with trypsin results 
in as much as a 10-fold increase in carboxypeptidase B activity. 

Extracts of an acetone powder, prepared from bovine pancreas 
glands by the described procedure, contain one-eighth to one- 
quarter the carboxypeptidase B activity of those from a corre- 
sponding swine powder. Preliminary tests have indicated that 
the porcine enzyme is more stable during the outlined fractiona- 
tion procedure than the bovine enzyme. 
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suspension was centrifuged for 30 minutes at 14,600 x g to yield 
about 960 ml of clear, light yellow extract. 

Ammonium Sulfate Fractionation—The extract was cooled to 
(0) to 2° (all subsequent operations were carried out at this tem- 


perature) and the pH adjusted to 7.0 to 7.2 with n NaOH. Solid 
ammonium sulfate was gradually added with stirring to 0.35 
saturation (209 g per liter). The pH was maintained between 
7.0 and 7.2 by the addition of n NaOH. The suspension was 
allowed to equilibrate for 30 minutes and the precipitate removed 
by centrifugation (15 minutes at 14,600 x g). With the pH 
maintained as above, the supernatant fluid was brought to 0.6 
saturation by the gradual addition of solid ammonium sulfate 
(164 g per liter). The suspension was stirred for 30 minutes and 
centrifuged (30 minutes at 14,600 x g). The precipitate, dis- 
solved in 40 to 50 ml of 0.05 m Tris, pH 7.25, was dialyzed over- 
night against distilled water. 

Batch Absorption and Elution from Diethylaminoethyl Cellulose 
—After dialysis, one-ninth volume of 0.05 m Tris, pH 7.25, was 
added to the protein solution and the pH was adjusted to 7.25. 
Twenty-five grams of DEAE-cellulose (12) (0.72 to 0.82 meq 
per g equilibrated with 0.005 m Tris, pH 7.25, and sucked to 
damp-dryness on a Biichner funnel) were added and the mixture 
was stirred for 20 minutes. The cellulose adsorbent was col- 
lected by suction filtration and washed four times by stirring for 
2 to 3 minutes with 150 ml portions of 0.005 m Tris, pH 7.25. 
Finally, the enzyme was eluted from the adsorbent by stirring 
for 2 to 3 minutes with one 100 ml and two 50 ml portions of 
0.1 m NaCl in 0.005 m Tris, pH 7.25. The combined eluates 
were brought to 0.65 saturation (43 g per 100 ml) by the gradual 
addition of solid ammonium sulfate without pH adjustment. 
After a 30-minute equilibration period, the precipitate was col- 
lected by centrifugation (30 minutes at 14,600 x g) and sus- 
pended in 4 to 5 ml of 0.05 m Tris, pH 7.25. Upon dialysis 
against distilled water the protein went into solution. Usually 
a small amount of protein precipitated from solution during 
longer (overnight) dialysis and was removed by centrifugation 
(10 minutes at 10,000 x g). Substantially all of the enzyme ac- 
tivity remained in the supernatant fluid. These protein solu- 
tions contained carboxypeptidase B which had approximately 
85% of the maximal enzymatic activity. Storage of the frozen 
solutions at —10° for as long as 3 months resulted in no loss of 
enzyme activity. 

Chromotography on DEAE-cellulose—Batch extraction and 
elution were employed before column chromatography as a 
means of overcoming mechanical difficulties in operation of col- 
umns (excessive volumes of eluates and clogging of columns due 
to large quantities of strongly adsorbed material). The results 
of a small scale run are plotted in Fig. 2. Since contaminating 
proteins are eluted in close proximity to carboxypeptidase B, it 
is necessary to calculate specific activities of fractions and com- 
bine only those of high activity. 

In the preparative procedure, 5 to 8 ml (150 to 200 mg of pro- 
tein) of the carboxypeptidase B solution from the batch DEAE- 
cellulose step were placed on a 2 X 20-cm column of DEAE- 
cellulose (0.72 to 0.82 meq per g) which had been previously 
equilibrated with 0.005 m Tris, pH 7.5. The protein solution 
was washed into the column with several milliliters of the same 
buffer and the chromatogram was developed with 500 ml of 0.005 
M Tris, pH 7.5, with a linear gradient (13) of NaCl from 
0 to 0.2m. Five-milliliter fractions were collected at a flow rate 
of 5 ml per minute. Fractions with specific activity of 18,000 
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Fic. 1. Absorbancy changes at 254 my as a measure of hippuryl- 
L-arginine (0.001 mM) hydrolysis by purified carboxypeptidase B. 
An absorbancy of 0.36 was observed at 100% hydrolysis. The en- 
zyme concentrations in parenthesis are given in 10-' mg of enzyme 
protein per ml of test solution. 
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ML EFFLUENT 
Fic. 2. Chromatogram of partially purified carboxypeptidase 
B on DEAE-cellulose. One milliliter of sample containing 23.6 
mg of protein was applied to a 0.9 X 25-em column. The chro- 
matogram was developed with a linear gradient of 0 to 0.2 m NaCl 
in 0.005 m Tris, pH 7.5, at a flow rate of 2 ml per minute. 


and above were combined and brought to 0.65 saturation with 
solid ammonium sulfate without pH adjustment. The precipi- 


‘tate obtained upon centrifuging this suspension was taken up in 


2 to 3 ml of 0.05 m Tris, pH 7.25, and dialyzed against several 
changes of large volumes of distilled water. Alternatively, the 
precipitate obtained after ammonium sulfate addition was dis- 
solved in a minimum volume of water (3 to 5 ml) and the protein 
was freed of dissociable salt by gel-filtration (14) on a 1.5 X 
25-cm column of Sephadex‘ which had been equilibrated with 
water. 

These clear, colorless solutions of carboxypeptidase B have 
been stored frozen for several months at —10° without loss in 
activity. Substantial losses (25 to 45%) in activity occur upon 
lyophylization. The lyophylized enzyme has been stored in the 
cold or at room temperature for 2 weeks without further loss in 
activity. 


4 Sephadex G-50, Lot No. 4651. Pharmacia, Uppsala, Sweden. 
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TABLE [| 
Purification of porcine carboxypeptidase B 
. . Total Total Specifi Total 
Purification stage | ee ee. 
“s : millions mg units/mg % 
Water extract of acetone pow- 
eR gee eran yee i ea 12.084 | 10,742 | 1,125 | 100 
(NH,)2SO, precipitate. ....... 7.493 | 1,810 | 4,140 62 
DEAE-cellulose, batch treat- 
WS. ee ces BS 413 | 14,010 48 
Supernatant solution after di- 
OO SS PR eer nes Ee 345 | 15,930 45 
Chromatography on DEAE- 
MINIS cs c-celo sa cic alts 3.316 180 | 18,420 27 











* One unit is defined as per cent of hydrolysis per minute at a 
0.001 m substrate concentration. 


’ One hundred grams of acetone-dried powder of autolyzed 
porcine pancreas. 


In Table I is presented a typical protocol which shows total 
recoveries of activity and enrichment. A 16- to 17-fold purifica- 
tion over extracts of the acetone powder of autolyzed tissue has 
been accomplished. 

dsterase assays for trypsin and chymotrypsin (15), employed 
under conditions where 0.05% impurity of these enzymes could 
be easily estimated, showed no trace of either activity in the puri- 
fied carboxypeptidase B preparations. Likewise, a spectro- 
photometric assay for carboxypeptidase A (16) showed no trace 
of this enzyme when applied under conditions which would meas- 
ure as little as 0.01% of this activity in purified carboxypeptidase 
B samples. 


Properties of Carboxypeptidase B 


Spectral Characteristics—Carboxy peptidase B displays a typi- 
cal protein absorption spectrum in the ultraviolet range with a 
maximal extinction at 278 my and a 0.57 ratio of absorbances at 
260 and 280 muy, respectively. The absorbancy index at 278 
my of a 1% solution was found to be 21.4 and the molar absorb- 
ancy index is 7.35 X 10‘ based on the 34,300 molecular weight 
value reported below. 

Electrophoresis—The results of a typical electrophoresis run 
of the purified material are shown in Fig. 3. Under the condi- 
tions specified in the legend there was no sign of other compo- 
nents, although material taken only through the ammonium 
sulfate precipitation step showed six different electrophoretic 
fractions. The mobility of the descending boundary at 0° was 
computed to be — 2.38 X 10-°cm? volt— sec, (0.05 m potassium 
phosphate buffer, pH 7.02). 

Ultracentrifugation—Sedimentation runs were carried out in 
the Spinco model E ultracentrifuge equipped with a phase plate 
diaphragm and the thermistor rotor temperature control. Fig. 
4 illustrates the type of boundary obtained during sedimentation 
and shows the lack of secondary components. Three different 
runs at concentrations of 1.40, 0.70, and 0.35% gave sedimenta- 
tions constants (s2,.) of 3.28, 3.24, and 3.23 x 10-® sec, re- 
spectively (0.05 m potassium phosphate buffer, pH 7.02). 

Diffusion— Diffusion studies were made in the Aminco model 
B electrophoresis apparatus with carefully selected cells and the 
Rayleigh interferometer. The bath temperature was 3.25 + 
0.02°, low enough to prevent degradation of the enzyme over the 
period of 2 to 3 days necessary for extensive boundary spreading. 
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The experimental procedure was that described by Longsworth 
(17), except that the initial boundary was formed in the center 
of the Tiselius cell channel by careful layering of dialysate onto 
the protein solution. This necessitated much less washing of the 
channel during the boundary-sharpening process. 

Two solutions of carboxypeptidase B, 0.376 and 0.230%, in 
0.05 m potassium phosphate buffer, pH 7.02, each gave diffusion 
coefficients (D2,~) of 8.16 x 10-7 cm? sec. No significant 
heterogeneity was evident from the shape of the distribution 
curve. 

Partial Specific Volume—The pycnometric determination of 


le! 





Fic. 3. Schlieren diagrams of an electrophoresis run of carboxy- 
peptidase B in an Aminco-Stern instrument. Conditions: 1.4% 
protein in 0.05 m potassium phosphate buffer, pH 7.02; 0.7°; 6.9 
volts per cm for 340 minutes. Upper curve: Ascending boundary, 
movement from left to right. Lower curve: Descending boundary, 
movement from right to left. 








Fic. 4. Schlieren diagram of an ultracentrifuge run of carboxy- 
peptidase B in Kel-F analytical cell at 25.2° after 108 minutes at 
59,780 r.p.m. Protein, 1.4%, in 0.05 m potassium phosphate buffer, 
pH 7.02. Sedimentation from right to left. 
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partial specific volume was made on a 1.63% solution of the en- 
zyme at 25.0°, and gave a value of 0.720 + 0.005 cm! per g. 
This value compares with that of 0.73, calculated from the amino 
acid composition (18). 

Molecular Weight—With the Svedberg equation and the ex- 
perimentally determined values recorded here, the molecular 
weight of porcine carboxypeptidase B was calculated to be 
34,300 + 600. 

Amino Acid Composition—A sample of purified carboxypepti- 
dase B, which had been desalted by gel filtration (14), was 
lyophylized, equilibrated at room temperature, and analyzed for 
water (105°, 18 hours under high vacuum), ash (constant weight 
at 800°) and nitrogen (micro-Kjeldahl). The following values 
were obtained: moisture 8.2%, ash 2.5%, nitrogen 15.5% (cor- 
rected for moisture and ash). Samples of approximately 2 mg 
were hydrolyzed with 3 ml of triple distilled 6 n HCl under ni- 
trogen in sealed Pyrex glass tubes at 105° for 24, 48, and 72 
hours. After removal of excess HCl by one evaporation to dry- 
ness under reduced pressure (rotary evaporator) at 40-50°, the 
entire 2 mg sample was washed into the ion exchange column 
for amino acid analysis. 

The amino acid analyses were performed on an automatic 
amino acid analyzer (19). Tryptophan was determined on a 
separate unhydrolyzed sample by an ultraviolet spectrophoto- 
metric method (20). 

The results of these analyses appear in Tables II and III. It 
is apparent from the data recorded in Table II that only small 
losses of threonine and serine occurred during hydrolysis, ap- 
proximately 2% and 5%, respectively, in 24 hours. Losses of 
cystine and methionine were greater, approaching 10% in 24 
hours. Isoleucine and valine were incompletely released in 48 
hours. The 72-hour values were accepted, although these values 
may still be slightly low. Ammonia increased at a more rapid 
rate than could be accounted for by the destruction of threonine 
and serine. The source of the increasing ammonia is not known, 
although it could conceivably have been formed through the 
destruction of tryptophan which is present in relatively large 
amounts. However, the discrepancy was not large except at 72 
hours. This value, therefore, was not included in the calculation 
of the results. 

All of the nitrogen in the sample of carboxypeptidase B was 
accounted for as amino acids (Table III). However, the re- 
covery by weight was several per cent low (Table III). This 
result together with the rather high ash value of 2.5% indicates 
the presence of a significant amount of nonprotein material. 
The sample whose analysis appears in Table III was prepared by 
gel filtration (14) which would have readily removed any disso- 
ciable, low molecular weight material. Similar results were ob- 
tained with another sample prepared for analysis by exhaustive 
dialysis. Whether the nonprotein material represents an im- 
purity or an integral part of the enzyme is not clear from the 
present data. 

Although it is not possible to calculate a reliable molecular 
weight value from the amino acid composition, the data are con- 
sistent with the molecular weight of 34,300 calculated from physi- 
cal measurements. This value has been used to estimate the 
number of moles of each amino acid per mole of enzyme (Table 
III). 

Metal Content and Inhibition of Enzyme Activity by Metal- 


°K. A. Piez, in preparation. 


J. E. Folk, K. A. Piez, W. R. Carroll, and J. A. Gladner 
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TaBLeE II 
Rate of release of amino acids from carboxypeptidase B during acid 
hydrolysis 
Residues per 1000 total A 
residues? duase ee Correc- 
24 hr® — 
24hr | 48hr 72 hr 
% 
Half cystine........... 23.5 | 22.3 | 20.0 —1.75 | +7.4 
Methionine. ........... 15.7 | 14.0} 12.6| -—1.55 | +9.9 
Threonine............| 99.6 | 97.3 | 96.4] —1.65 | +1.7 
a ee ae 56.1 | 52.6 | 50.6| -—2.75 | +4.9 
pa a ee Rae 99.6 | 106.5 | 119.8 | +6.9% | —6.9 
jae va a ee 33.1 | 35.0] 36.1 | +3.0¢ | +9.1 
WR ois aes 52.8 | 56.2] 57.3) +4.5¢ | +8.5 
* All amino acids not listed did not change significantly. 
>’ The comparison should be on an equal weight basis. How- 


ever, the sampling errors were considerably larger than the very 
minor error introduced by employing these units. 

¢ To be applied to the 24-hour hydrolysate. 

4 The increase in ammonia is greater than can be accounted for 
by the destruction of threonine and serine, particularly between 
48 and 72 hours. For purposes of correction, the gain in the first 
24 hours is assumed to be the same as in the second 24 hours. 

¢ Total change. 











TaBLeE III 
Amino acid composition of carboxypeptidase B+ 
ie + Residue | % of total N ey 
oe % 

Aspartic acid......... 90.7 10.43 8.19 32.4 
TRUCOTEND ooo. 60 oie.5:0 05 84.6 8.55 7.64 30.2 
eee 49.0 4.26 4.43 17.5 
Glutamic acid....... 69.3 8.94 6.26 24.8 
eee 37.0 3.59 3.34 13.2 
ee 3.67 5.82 23.0 
Cates Lag olilegs 70.4 5.00 6.36 25.1 
Half cystine.......... 21.4 2.19 1.93 7.6 
We ERY oS AD. 30.3 3.00 2.74 10.8 
Methionine........... 14.4 1.89 1.30 5.1 
Isoleucine............ 48.2 5.45 4.35 17.2 
LO SR eee ree 63.7 7.20 5.75 22.7 
“OI iecicaira eye m seioss 57.3 9.35 5.18 20.4 
Phenylalanine ........ 33.3 4.90 3.01 11.9 
ere Mt 6.28 8.85 17.5 
or 16.3 2.23 4.38 5.8 
RIBS. oe see os 28.1 4.39 10.16 10.0 
Tryptophan‘ ......... 25.9 4.82 4.68 9.2 
Rae 8 a (77.8) 7.03 (27.8) 

Totals 853.3 96.14 101.40 304.4 




















* These values represent the average of single analyses of three 
hydrolysates (24, 48, and 72 hours) except those amino acids which 
change with time, in which case a corrected value (see Table II) 
was taken. 

+ Corrected to 100% recovery. 

¢ Determined by ultraviolet spectroscopy (20). 
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chelating Agents—Significant quantities of zinc only were found 
in purified samples of carboxypeptidase B upon examination by 
x-ray fluorescence and by emission spectroscopy. Zinc was de- 
termined quantitatively by a chemical procedure utilizing the 
trichloroacetic acid precipitation technique (21). Samples (10 to 
20 mg) of three different preparations of comparable enzymatic 
activity were employed for analysis. Based on the molecular 
weight of 34,300, the ratios of moles of zinc to moles of carboxy- 
peptidase B were found to be 0.98, 1.01, and 1.04 for the three 
samples. 

The enzymatic activity of purified carboxypeptidase B was 
inhibited by the metal-chelating agents 1,10-phenanthroline, 
8-hydroxyquinoline-5-sulfonic acid, and 2,2’-dipyridyl. Prein- 
cubation of enzyme with metal-binding agent did not alter the 
degree of inhibition. Activity was recovered following either 
addition of zinc or, in the case of the 1, 10-phenanthroline-inhib- 
ited enzyme, by dilution. Inhibition did not occur when zinc, 
in equimolar quantity to inhibitor, was added to inhibitor-sub- 
strate mixtures before addition of enzyme. 

The spectrophotometric assay outlined in this report was em- 
ployed at a 2 X 10-4 mg per ml enzyme concentration in chelate 
inhibition studies. The slit width and photomultiplier setting 
were varied to compensate for optical absorption of the inhib- 
itors, and appropriate reagent blanks were employed for each 
inhibitor concentration. The metal-chelating agents showed the 
following inhibition-concentration relationships: 1,10-phenan- 
throline produced 15, 40, and 60% inhibition at 0.33, 0.66, and 
1.0 X 10-5 M, respectively; 8-hydroxyquinoline-5-sulfonic acid 
produced 10, 31, and 62% inhibition at 0.8, 1.7 and 3.3 x 10-4 
M, respectively; and 2,2’-dipyridyl produced 30, 72, and 100% 
inhibition at 3.3, 5.0, and 6.6 x 10-4 M, respectively. 

Ethylendiaminetetraacetic acid (0.01 m) had no effect on en- 
zyme activity. Addition of low concentrations of 2,2’-dipyridyl 
(6.6 X 10-5 m) resulted in a 25% increase in rate of hydrolysis, 
possibly due to the selective removal of traces of inhibiting 
metals in either the enzyme preparation or in the assay solution. 
A similar observation has been reported (22) for another metallo- 
enzyme, yeast alcohol dehydrogenase. 


DISCUSSION 


Experimental data are presented in this communication which 
show that carboxypeptidase B, purified from swine pancreas 
tissue by the outlined procedure, behaves as a homogenous pro- 
tein with respect to ion exchange chromatography, moving 
boundary electrophoresis, sedimentation, and free diffusion anal- 
ysis. 

Certain of the chemical and molecular characteristics of car- 
boxypeptidase B are notable, particularly as compared to car- 
boxypeptidase A. A possible similarity in mechanism of action 
of the two carboxypeptidases has been previously suggested (2, 
3, 23). This suggestion is further supported by the present 
finding that, like carboxypeptidase A (24), carboxypeptidase B 
contains one nondialyzable gram atom of zinc per mole. Al- 
though these metal studies can be considered only preliminary, 
the present evidence is consistent with the possibility that zinc 
is a structural and a functional component of the enzyme which 
participates in its enzyme action. 


6 Preliminary surveys of enzyme samples by these two meth- 
ods indicated variable traces of Fe, Cu, Mg, Ca, Al and Co, but in 
no case showed quantities approaching the level of 1 g atom per 
mole. 
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The molecular weight of the B enzyme is identical to that re- 
ported for carboxypeptidase A (25, 26). There is also a remark- 
able similarity in amino acid composition of the two enzymes 
(for carboxypeptidase A, see (26)). There are, however, dis- 
tinct differences in the content of certain amino acids. Car- 
boxypeptidase B has about one-half as much serine and several 
times as much methionine as the A enzyme. The cystine con- 
tent of the B enzyme indicates the presence of four disulfide bonds 
whereas carboxypeptidase A apparently has two disulfide bonds, 
This suggests a considerable difference in structure. There is 
also a significantly larger quantity of amide nitrogen in the B 
enzyme than reported for carboxypeptidase A. These differences 
may be related to the observation that carboxypeptidase A is 
practically insoluble in water (27), whereas the B enyzme is very 
water soluble. 


SUMMARY 


1. A procedure was developed for the purification of carboxy- 
peptidase B from an acetone powder of autolyzed swine pan- 
creas tissue. It includes water extraction of acetone powder, a 
preliminary fractionation with ammonium sulfate, and chroma- 
tography on diethylaminoethy] cellulose. 

2. A sensitive and convenient spectrophotometric assay for 
carboxypeptidase B is presented. It is based on the change in 
absorbancy at 254 my of hippuryl-L-arginine solutions during 
hydrolysis. 

3. Carboxypeptidase B behaves as a homogeneous protein 
with respect to several physical chemical criteria. The molecu- 
lar weight, as calculated from sedimentation analyses and diffu- 
sion measurements, is 34,300 + 600. 

4, The complete amino acid composition was determined. It 
is similar in many respects to that of bovine carboxypeptidase 
A, but differs in the lower content of serine and the higher con- 
tent of sulfur-containing amino acids and amide nitrogen. 

5. Carboxypeptidase B contains 1 atom of zinc per molecule. 
Metal chelation studies suggest that this metal is a functional 
part of the enzyme. 


Acknowledgments—The valuable technical assistance of Miss 
Lee Ann Evancheck and Mr. E. R. Mitchell is gratefully ac- 
knowledged. 
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While studying the phosphoglyceric acid mutase of wheat 
germ, we noted marked phosphatase activity when extensively 
purified mutase preparations were tested with p-3-phospho- 
glyceric acid and p-2,3-diphosphoglyceric acid as substrates (1). 
Since we had found low phosphatase activity for these reagents 
in many biological materials (2), there was the possibility, pre- 
viously discussed (1), that the enzymatic hydrolysis of these 
substrates was a dual function of the purified wheat germ mutase. 
Further examination, however, showed there was no correlation 
between phosphatase and mutase activities at several stages of 
purification, indicating phosphatase contamination of the wheat 
germ mutase preparations. Additional evidence for the non- 
identity of the two enzymatic activities has now been obtained 
by extensive purification of the phosphatase from wheat germ, 
by the method presented in this paper. The purified prepara- 
tions of nonspecific acid phosphatase described in this paper have 
activities of the same order of magnitude as those of the exten- 
sively purified intestinal monoesterase (3) and of the crystalline 
pyrophosphatase of yeast (4). The best phosphatase prepara- 
tions are essentially free of P-glycerate mutase activity. 

EXPERIMENTAL PROCEDURE 


Materials and Methods 


2,3-diP-glycerate! and 3-P-glycerate free from 2,3 P-glycerate 
were prepared as previously described (5, 6). 2-P-glycerate, 
phosphoenolpyruvic acid, p-nitrophenyl phosphate and bis 
p-nitrophenyl phosphate were obtained from the Sigma Chemical 
Company. DEAE-cellulose, lot number 1038, reagent grade, 
was purchased from the Brown Company, Berlin, New Hamp- 
shire. Anheuser-Busch dried brewers’ yeast was a gift of Dr. 
Henry Buehler and it was the source of enolase (containing P- 
glycerate mutase) which was partially purified by the method 
of Warburg and Christian (7) through the first ethanol fractiona- 
tion. Wheat germ, General Mills (S-50), was a gift of Dr. J. S. 
Andrews. Samples of corn and rice germ were kindly provided 
by Dr. Pekka Linko of Kansas State University and Professor 
M. C. Kik of the University of Arkansas, respectively. Ben- 
tonite (Volclay SPV), a gift from Dr. Paul Bechtner of the 
American Colloid Company, was washed? as previously described 
(1). Other materials were commercial products. 


* Supported by grants from the American Heart Association and 
the Kansas Heart Association. 

1 The abbreviations used are: 2,3-diP-glycerate, p-2,3-diphos- 
phoglyceric acid; 3-P-glycerate, p-3-phosphoglyceric acid; 2-P- 
glycerate, p-2-phosphoglyceric acid; and EDTA, ethylenediamine- 
tetraacetic acid, disodium salt. 


Protein was estimated by the method of Lowry et al. (8). 
However, since this method can give misleadingly high values 
in crude plant extracts, the proteins of the crude preparations 
were precipitated with 30 volumes of acetone, dissolved in water, 
and then measured by the method of Lowry et al. and by the 
biuret method of Mokrasch et al. (9). There was excellent agree- 
ment between the two methods. Phosphodiesterase activity 
was assayed by the method of Sinsheimer and Koerner (10). 
3-P-glycerate was estimated by determining phosphoenolpyruvic 
acid formed after enzymatic equilibration of this substrate with 
P-glycerate mutase and enolase (6). P-glycerate mutase was 
assayed as previously described (1). Pi was measured by the 
method of Gomori (11). 

Assay—For the routine assay of phosphatase activity the 
following components were mixed in a final volume of 1.5 ml: 
75 umoles of sodium acetate buffer, pH 5.7, 20 umoles of MgCl, 
6 wmoles of 3-P-glycerate, and approximately 0.5 unit of en- 
zyme. After 15 minutes’ incubation at 37°, the reaction was 
stopped by the addition of 1 ml of 1 m HCIO,, and any insoluble 
material was removed by centrifugation. Aliquots of the super- 
natant fluids were tested for P;. 

Definition of Enzyme Unit and Specific Activity—A unit of en- 
zyme is the amount of enzyme which liberates 1 wmole of P; 
under the conditions of the assay indicated above. Specific 
activity is defined as the enzyme units per milligram of protein. 

Fractionation—All operations during fractionation were carried 
out at 0°, and all centrifugations were for 10 minutes, unless 
indicated otherwise. A speed of 5500 xX g in the Lourdes cen- 
trifuge, with rotor number 3RA, was used through Fraction II. 
In the succeeding steps, centrifugations were at 4000 X g in the 
International centrifuge. The (NH).SO, solutions were satu- 
rated at pH 5.5. 

Purification—Wheat germ was extracted with 4 volumes of 
water for 30 minutes, and the preparation was centrifuged. To 
each liter of the supernatant fluid (crude extract) were added 
20 ml of 1 m MnCl, and the mixture was centrifuged (12). To 
each liter of the supernatant fluid (Mn++ fraction), 538 ml of 
saturated (NH,4).SO, (35% saturation) were added. The insolu- 
ble material was removed by centrifugation. To the superna- 
tant fluid, 788 ml of saturated (NH,4)sSO, were added (57% 
saturation). While swirling in a 65-70° water bath, the mixture 
was heated to 60° and held at this temperature for 2 minutes. 
The preparation was rapidly chilled to 8° and centrifuged. The 


2 For the suspension of large quantities of bentonite, it is con- 
venient to use a paint shaker. Unwashed bentonite suspensions 
(centrifuged at 300 X g for 1 minute) can be used. However, the 
purification appeared not to be as successful. 
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precipitate was suspended in water, the volume of which was 
one-third that of the Mn++ fraction, and was then centrifuged 
for 30 minutes. The supernatant fluid, Fraction II, may be 
stored frozen. 

For each new bentonite and enzyme preparation a preliminary 
titration for adsorption is required. Routinely, 1-ml samples of 
Fraction II containing 7.5 + 0.5 mg of protein per ml were 
adsorbed for 7 minutes with 0.2, 0.25, and 0.3 ml of washed 
bentonite (60 to 70 mg per ml) and water to a final volume of 1.5 
ml. The samples were centrifuged at 2000 x g and the super- 
natant fluids were assayed. The best conditions obtained in 
the preliminary bentonite treatment were followed in purifying 
the remainder of the preparation. The supernatant fluid is 
Fraction III. To each liter of this fraction, 272 g of solid (NH,)2- 
SO, were added (47% saturation). The insoluble material was 
discarded after centrifugation and 97 g of (NH,4)2SO, were added 
to the supernatant fluid (61% saturation). The mixture was 
centrifuged and the precipitate was dissolved in water (75 vol- 
ume of Fraction III) to give Fraction IV. This fraction may be 
stored frozen. 

Fraction IV was adjusted to 4.5 + 0.5 mg of protein per ml. 
To each ml of Fraction IV 0.11 ml of 0.2 m EDTA, 0.05 ml of 
saturated (NH4)2SO,, and 1.75 volumes of methanol (measured 
and added at —20°) were added. After centrifugation the pre- 
cipitate was suspended in the minimal volume of water and the 
bulky, insoluble material was discarded after centrifugation. 
The supernatant fluid was dialyzed for approximately 11 hours 
against 100 volumes of 0.01 m EDTA (with five changes). The 
dialyzed material, Fraction V, may be frozen overnight. For 
best results in this step, it is best to do a preliminary titration 
(2-ml samples and 3 to 4 ml of methanol). Fraction V was 
percolated through a DEAE-cellulose column (approximately 
1 X 7 em) about one-fourth the volume of the enzyme solution. 
The elution was carried out with successive one-column volumes 
of Tris, pH 7.4, at increasing molarities (0.01, 0.02, 0.04, and 
0.08 m). The highest specific activity usually was eluted with 
The best fractions were dia- 
lyzed with three successive changes for 3 hours against 100 
volumes of 0.01 m EDTA. Samples were lyophilized to dryness 
and can be stored as such in the cold or dissolved in the minimal 
volume of water and kept frozen. The best two fractions* were 
Fractions VI and VIa. A summary of the purification procedure 
is shown in Table I. 


Distribution of the Enzyme 


Water extracts of rice germ, corn germ, ground lentils, and 
split peas were assayed for phosphatase activity under standard 
conditions, but with no Mg++. It has been calculated that 32, 
21, 8.8, and 7 umoles of P; were split per gram of dry material. 


Properties of Enzyme 


Stability with pH and Heat—A partially purified enzyme prep- 
aration (specific activity, 15) when held for 10 minutes at 0°, at 


5 As indicated in the legend of Table I, Fraction VI and VIa, 
when diluted in 0.5% albumin, showed higher activity than when 
diluted in water. With 3-P-glycerate, phosphoenolpyruvate, and 
sodium pyrophosphate, Fraction VI in albumin had specific ac- 
tivities of 3400, 4000, and 6270, respectively, whereas the specific 
activity was 2330 for the same enzyme diluted in water and assayed 
with 3-P-glycerate as substrate. This preparation had lost 20% 
of its original activity upon storage at a concentration of 0.3 mg 
of protein per ml. 
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Purification of nonspecific phosphatase from wheat germ 
The conditions of assay were as described in the text. 




















Fraction volume | Total units Total protein] Specific | yield 
ml mg % 
Crude extract.....| 2,630 | 106,000*| 126,000 0.84) 100 
Fraction II....... 1,020 75,000 7,850 9.6} 71 
Fraction III...... 1,450 53,500 2,180 24.5 | 42 
Fraction IV....... 95.5) 34,400 898 34.4 | 26.5 
Fraction V........ 28.4} 15,650 22.4; 700 14.8 
Fraction VI....... 1.0 ,150* 1.4/3 ,000T 3.9T 
Fraction VIa...... 0.6} 1,170 0.6/1, 950T L.a7 








* The crude extract and Fraction V1 showed P-glycerate-mu- 
tase-phosphatase ratios of 1500 and 0.003, respectively. 

{ The specific activity and recovery rates for Fractions VI and 
Via were probably higher than indicated in the table. When 
these fractions were diluted in 0.5% serum albumin and tested 
(final concentration of serum albumin in the assay, 25 ug) they 
showed 50% higher activity. This effect most likely was due to 
enzyme inactivation during dilution to low protein concentration 
The serum albumin had no phosphatase activity. 


TABLE II 
Effect of (NH4)2SO4 upon thermal stability 
of wheat germ phosphatase 

Samples (6-mg) of Fraction II (specific activity, 2.4) fraction- 
ated with (NH,)2SO, without heating ((NH,)2SO, concentration 
approximately 0.1 m) were held at the indicated temperatures for 
5 minutes in a total volume of 2.5ml. After cooling, appropriate 
aliquots were tested under standard conditions of assay. 














(NH4)2SOx molarity 
Temperature 
0.1 | 1 | 1.8 3.4 
% activity remaining 
50 88 | 78 78 72 
60 62 | 70 | 70 58 
70 i | 6 48 |S 50 





pH values 5, 4.5, and 4, retained 96, 95, and 80%, respectively, 
of its original activity. This preparation, when heated for 5 
minutes at 50, 60, and 70°, retained 24, 4, and 0.6% activity. A 
crude extract, when heated for 5 minutes at 50, 55, and 60° lost 
67, 76, and 85% activity, respectively. (NH4)2S0, protected 
the phosphatase when heated, as is shown in Table IT. 

‘Effect of pH—A crude enzyme preparation shows an optimal 
pH of 5.1 with 3-P-glycerate and 2,3-diP-glycerate as substrates. 
The optimal pH of Fraction V is 5.8, as shown in Fig. 1. 

Influence of Substrate Concentration on Enzyme Activity—The 
effect of 3-P-glycerate concentration on velocity with Fraction 
Via is shown in Fig. 2. The Lineweaver and Burk plot (13) 
shown in the figure indicates a Michaelis-Menten constant (Km) 
of 2.7 x 10-*m. This value is also obtained with crude prepara- 
tions; the K,, value when 2,3-diP-glycerate as the substrate is 
about the same. 

Effect of Time of Incubation and Enzyme Concentration—Under 
the standard conditions of assay and with Fraction Vla there is 
proportionality for the dephosphorylation of 3-P-glycerate with 
time up to 20 minutes. There is some decrease in activity rate 
beyond this period. The dephosphorylation of 3-P-glycerate is 
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Fig. 1. The effect of pH. The standard conditions of assay 
were used, and Fraction V. For pH 4 to 5.8, 75 umoles of the cor- 
responding acetate buffer were used. For pH 6.2 to 7.6, 75 umoles 
of the corresponding Tris maleate buffer were used. 
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Fig. 2. Influence of substrate concentration upon velocity, 
Fraction V and the standard conditions of assay were used except 
that the substrate (S) was varied as indicated in the abscissa of 
the figure, expressed in micromoles per ml. Velocity (V) is ex- 
pressed as micromoles of P; liberated during 15 minutes. @——®, 
data expressed as reciprocals of velocity and substrate. 


linear between 0.2- and 0.5-umole utilization of substrate under 
the standard conditions of assay. There is lack of linearity at 
very high turnovers, probably as a result of product inhibition 
(see below). 

Effect of Temperature upon Rate—The rate with Fraction VIa 
increased 1.4 times between 30 and 37° under the standard con- 
ditions of assay. 

Specificity—As is shown in Table III, the enzyme is nonspecific. 
However, it appears to have very little diesterase activity. 
Under the conditions (3 hours’ incubation, 37°, pH 8.8) of Sins- 
heimer and Koerner (10), 0.13 umoles of p-nitrophenol were 
liberated from calcium bis(p-nitrophenyl) phosphate by 89 
units of Fraction VI (which would hydrolyze 89 umoles of 3-P- 
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glycerate in 15 minutes). Further, at pH 5.7 (optimum for the 
phosphatase) there would be negligible diesterase activity since 
the activity for this enzyme is practically nil at pH 6 and below 
(14). 


Effect of Ions—A partially purified enzyme fraction with| 


specific activity of 15 was completely inhibited with 0.3 umoles 
of Hg**, when 3-P-glycerate, 2-P-glycerate or 2,3-diP-glycerate 
were used as substrate, under standard conditions of assay, 
This is in contrast to the stimulation of muscle glycerate 2,3. 
diphosphatase by Hg*+ (2, 15). Under the standard conditions 


TaBLeE III 
Specificity of acid phosphatase during purification 
The conditions of assay were as described in the text. When 
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testing 2,3-diP-glycerate, 2.8 uymoles were used; 6 ymoles each | 


of the other substrates indicated in the table were used. Frac- 
tion V and Fraction VIa had specific activities of 330 and 1800 


’ 
respectively. 





























Fractions 
Substrate 
= Fraction V Fredie 
pmoles of P; 
PoE APTWONINE, © 6 oo oo cic ee os daclenes 0.381 0.578 0.406 
Bo-F -BIVOOPMNG. ... 5 icc esieceees 0.498 0.554 
PPB OOTAUD. 56s doc este ess 0.380 0.547 
a i SRR eee eae ctirae 0.500 0.616 
EE 3 arches ati digianady tehohe 0.375 0.477 
PM sci seach a erareie ni Te sere sah 0.067 0.166 
Glucose 6-phosphate.............. 0.308 
Fructose 1,6-diphosphate.......... 0.291 0.450 
B-Glycerophosphate............... 0.300 0.581 
Phosphoenolpyruvate..............| 0.870 0.905 0.533 
p-Nitrophenyl phosphate.......... 0.336 
Sodium pyrophosphate............ 0.677 
0.8 
2A 
0.6F, 
3A 
8) 
= 0-8 a 
h. 1A 
w 0.47 
ro) 2 
2 2 
= | 
O.2F 
ON F 
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Fig. 3. Effect of phosphate and Mgt+ on phosphatase. The 
standard conditions of assay were used except for the quantities 
of Mg** and P; added to the tests, as indicated in the figure. In 
all cases Fraction VIa was diluted 150-fold. O——O, 0.05 ml of 
enzyme; @——@, 0.1 ml of enzyme; O——D, 0.05 ml of enzyme 
and 20 zmoles of Mg**+; M+, 0.1 ml of enzyme and 20 umoles 
of Mg++; A——A, 0.05 ml of enzyme and 40 umoles of Mg**; 
A——A, 0.1 ml of enzyme and 40 umoles of Mgt*. 
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of assay, 0.67, 1.3, and 2.6 x 10-* m Mg** stimulated the activity 
of Fraction Vla 21, 32, and 22%, whereas Mn++ at 1.3 X 10-2 Mm 
stimulated slightly. Pbt+ at this concentration inhibited the 
enzyme 75%. Ag*+,8 X 10-* Mm, Zn*+ and Cutt, 1.2 x 10°? a, 
and Ut, 3.3 X 10-4 m completely inhibited the activity.‘ 

As is shown in Fig. 3, P; in the presence or absence of Mg++ 
inhibited the hydrolysis of 3-P-glycerate. This probably ex- 
plains the decrease in activity when large aliquots of enzyme 
and long incubations were used. 

Extent of Hydrolysis—Under otherwise standard conditions, 
4.4 units of Fraction Vla were incubated with 1.39 umoles of 
Analysis showed 1.28 
umoles of P; and no residual 3-P-glycerate. Essentially under 
the same conditions, but during 25 minutes of incubation, 0.41 
umoles of glucose 6-phosphate were hydrolyzed completely. 
However, with 0.375 umoles of ATP, ADP, and AMP, 0.79, 
0.43, and 0.29 umoles of P; were liberated, respectively. 


DISCUSSION 

Although the presence of phosphatases in plants and portions 
thereof has been known for many years and acid phosphatase 
of low activity from wheat germ is available commercially,’ few 
studies have been made with 3-P-glycerate as substrate except 
with crude preparations (17). The procedure described here 
permits, with little effort, the preparation from wheat germ of 
nonspecific acid phosphatase preparations of very high specific 
activity. Although physical studies have not been conducted 
as yet with the purified preparations, the extensive purification 
and the high turnover of the purified preparation suggest that 
they may be of high purity. 

Since the specificity varies little during a 3000-fold purifica- 


| tion, it seems reasonable that the phosphatase activity for 3-P- 


glycerate estimated in other germs or seeds (see above) reflects 
the presence of this nonspecific phosphatase.® It seems para- 
doxical for the germ of plants to have such a large nonspecific 
phosphatase activity, since apparently it would be desirable, 
particularly during initiation of germination, to conserve organic 
phosphate esters. The phosphatase activity (per mg of extract- 
able protein), with 2,3-diP-glycerate as substrate, of crude 
wheat germ extracts is about 10 times larger than in bakers’ 
yeast, the best known source for specific 2,3-diP-glycerate 
phosphatase (2). 

Whereas physical evidence for purity of the preparations is 
also desirable, the present method results in enzymatic prepara- 
tions useful, for example, for estimation of phosphate monoesters 
such as the phosphoglycerates, which are difficult to hydrolyze 
Enzymatic hydrolysis may also be helpful 
in avoiding high concentration of acid or salt, or both, which may 

4Uranium acetate per se hydrolyzes P-glycerate. Appreciable 
hydrolysis occurs at 37° from pH 4to7. Uranium acetate, 6.6 
10-8 m, completely hydrolyzed 1.28 and 0.73 umoles of 3-P-glycer- 
ate and 2,3-diP-glycerate, respectively, when heated in a 100° 
water bath for 35 minutes. This hydrolysis will occur in the pres- 
ence of 75 umoles of acetate buffer but is inhibited almost com- 
pletely by 75 umoles of citrate buffer. 

5 For example, Worthington Biochemical Corporation markets 
a product which “‘is essentially the 0.35-0.55 saturated ammonium 
sulfate fraction from wheat germ described by Singer.’’ This is 
taken from the procedure of Singer (16) for preparation of lipase. 

®° The pH curve with 3-P-glycerate as substrate of crude rice 
germ extract is identical to that of wheat germ extract (M. Fer- 
nandez and S. Grisolia, unpublished experiments). 

7Dr. E. Racker (private communication) has found our prepa- 


rations useful for hydrolysis of glucose 6-phosphate and sedohep- 
tulose 7-phosphate. 
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interfere with Pj; estimation, particularly after hydrolysis of 
small samples. 


SUMMARY 


A method for the extensive purification of an acid phosphatase 
from wheat germ is presented. Some properties of the non- 
specific phosphatase are described. A wide range of reagents 
are substrates for this phosphatase, including pyrophosphate. 
However, the purified enzyme preparations have little phospho- 
diesterase activity, as tested with bis(p-nitrophenyl) phosphate. 
Complete hydrolysis has been demonstrated with such substrates 
as D-3-phosphoglycerate and glucose 6-phosphate, which are 
difficult to hydrolyze by chemical methods. 
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Note Added in Proof—Dr. L. A. Heppel has made some ob- 
servations on the hydrolysis of polynucleotides by the purified 
Fraction V. In all cases the incubations were at pH 6.0 and 
contained 1.5 wmoles of MgCl, in a final volume of 0.1 ml. Oli- 
goribonucleotides, as pApA, ApAp, pUpU, and ApApApAp are 
converted to the nucleosides. About 14 wg of enzyme are re- 
quired to cleave 0.2 umole of pApA in 1 hour. Intermediates 
accumulate during the hydrolysis, but these have not been in- 
vestigated. The deoxypolynucleotide, pTpTpT (obtained from 
Dr. H. G. Khorana) is also attacked. Polymers formed with 
bacterial polynucleotide phosphorylase (poly A, poly C, poly U) 
are completely hydrolyzed to nucleosides, but more slowly than 
oligoribonucleotides. The nondialyzable residue obtained from 
a digest of RNA with pancreatic ribonuclease is easily hy- 
drolyzed. By contrast, commercial yeast RNA is quite slowly 
and incompletely cleared. Yeast RNA prepared by the pro- 
cedure of Crestfield and Allen shows no hydrolysis after incu- 
bating 0.3 mg of substrate with 0.75 ug of enzyme for 6 hours. 
Soluble RNA from yeast prepared by the procedure of Davis 
(1.6 umoles as base) shows only 5% hydrolysis after incubation 
with 300 ug at 37° for 3 hours. The resistance shown by RNA 
preparations is puzzling and interesting. 

It is suggested that the purified wheat germ phosphatase is a 
useful reagent for gently converting small polynucleotides to 
nucleosides, as part of their structural determination. 
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In a preliminary note (1) it was reported that at least two 
serologically and electrophoretically distinct lactic dehydrogen- 
ases were present in rabbit tissues. Nisselbaum and Bodansky 
(2) recently reported similar serological differentiation of lactic 
dehydrogenases from various rabbit organs. Heterogeneity of 
this enzyme derived from different tissues of mammalian species 
has also been shown by the use of diphosphopyridine nucleotide 
analogues (3). The lactic dehydrogenases of human sera and 
various animal tissues have been separated by elution from a 
column of Hyflo Super Cel with decreasing concentrations of 
ammonium sulfate (4) and electrophoretically (4-14) into several 
distinct components. Several other enzymes have also been 
shown to exist in multiple forms, not only within a single organ- 
ism but even within a single tissue (13). Markert and Mgller 
(13) suggested that these distinguishable molecular types of en- 
zymes be called isozymes, a terminology we shall follow. 

In the present investigation the cross reactions of lactic de- 
hydrogenases derived from various rabbit and bovine tissues 
with antibodies produced against the lactic dehydrogenases of 
rabbit skeletal muscle and bovine heart muscle were studied. 
Starch gel electrophoresis was used to separate the lactic dehy- 
drogenase isozymes of rabbit and human tissues. It will be 
shown that each tissue has a characteristic distribution of these 
isozymes and that the isozyme patterns of rabbit and human 
tissues have many similarities. 


EXPERIMENTAL PROCEDURE 


Lactic Dehydrogenase Assay—Activity was determined by 
measuring the rate of optical density decrease at a wave length 
of 340 my resulting from the oxidation of DPNH in the presence 
of 0.00084 m sodium pyruvate and a suitable dilution of enzyme 
(15). All measurements were made with a Beckman DU spec- 
trophotometer at pH 7.4 and 30°. One unit of LD! was defined 
as the amount of enzyme required to produce a decrease in optical 
density of 0.001 per minute under the above conditions. 


* This work was supported by grants of the National Cancer 
Institute of Canada (Project 203) and the National Cancer Insti- 
tute (U.S. A.) (Grant CY 3809). It forms part of the program of 
the senior author for the M.S.A. degree. 

1 The abbreviations used are: LD, lactic dehydrogenase; anti- 
LD, antibody inhibitive to lactic dehydrogenase; LD,---LDs, 
slowest to fastest electrophoretically migrating forms of lactic 
dehydrogenase, respectively; Rgx, distance of electrophoretic 
migration relative to the migration front of bovine hemoglobin. 


Antilactic Dehydrogenase Production—Antibody inhibitive to 
commercially purified rabbit muscle LD (Nutritional Biochemi- 
cals Corporation) was produced in chickens and purified by 
fractional precipitation with ammonium sulfate as previously 
described (16). Antibody was similarly prepared against com- 
mercially purified bovine heart muscle LD (Worthington Bio- 
chemical Corporation). The degree of inhibition of LD by anti- 
LD was expressed as the percentage inhibition of 40 + 4 units of 
LD per cuvette when two cuvettes were simultaneously prepared 
with and without anti-LD and correction applied for the trace 
of LD activity in the anti-LD preparation (16). One unit of 
anti-LD was defined as the amount required to inhibit 50% of 
the activity of the homologous LD under these test conditions. 

Tissue Extracts—All rabbit tissues employed for electrophoresis 
studies were taken from rabbits killed by exsanguination. These 
included a transplantable carcinoma, Vx-2, originally developed 
by Dr. Peyton Rous and in its 135th and 136th transplant gen- 
erations. Tissue extracts were prepared by grinding tissues, 
within 1 hour of the death of the animal, in barbital buffer, ionic 
strength = 0.05, pH 8.6, with a motor driven Potter-Elvehjem, 
Teflon pestle, tissue grinder. The extracts were clarified by 
centrifugation. Erythrocytes and plasma were separated from 
heparinized blood by centrifugation; the erythrocytes washed 
twice in 0.85% NaCl, suspended in 10% saturated ammonium 
sulfate and lysed by treatment for 30 seconds in a Raytheon sonic 
oscillator. Human tissues? were obtained from two autopsies 
performed 12 and 14 hours after death from cancer and nephritis, 
respectively. These tissues were immediately frozen and kept 
frozen until extracted as described for the rabbit tissues. Human 
plasma and erythrocytes were separated from heparinized blood 
of normal] subjects. 

Nitrogen content of the tissue extracts was determined by a 
micro-Kjeldahl procedure (17). Corrections were made for the 
nitrogen content of the barbital buffer, which was small in rela- 
tion to the total amounts of nitrogen in the extracts. 

Electrophoresis—Zone electrophoresis, with the use of a gel 
prepared from specially hydrolyzed starch? and barbital buffer 
(ionic strength = 0.05, pH 8.6), was used. Most separations 
were made with the gel in a horizontal position and the crude 


2 Kindly supplied by Dr. E. L. Barton, Pathologist, General 
Hospital, Guelph, Ontario and Dr. F. Foote, Memorial Hospital, 
New York, New York. 

3 Connaught Medical Research Laboratories, University of 
Toronto, Toronto, Canada. 
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extracts inserted into a slit in the gel with a supporting medium 
of starch granules (18). Vertical starch gel electrophoresis as 
described recently by Smithies (19), in which no supporting 
medium was used at the origin, was used in some separations 
with similar results, but proved to be less satisfactory with large 
samples. 

A few milligrams of twice crystallized bovine hemoglobin 
(Nutritional Biochemicals Corporation) were mixed with each 
sample. The LD content of this preparation was negligible. 
This colored protein provided a visual indicator of the progress 
and sharpness of the electrophoretic migration. It migrated 
approximately one-half the distance of the rabbit and human 
serum albumins and served as a convenient control protein for 
comparing different separations. 

Most separations were made in gels 17 X 21 X 0.8cm. The 
gel was connected to bridge solutions of barbital buffer, ionic 
strength = 0.1, pH 8.6, by wads of filter paper saturated with 
the bridge buffer. Melted white petrolatum at approximately 
50° was layered over the gel to prevent evaporation. Electric 
power was supplied by a Reco D.C. power unit of 750 volts ca- 
pacity through carbon electrodes to the bridge solutions. A 
voltage drop across the gel of 3 to 4 volts per cm was used. All 
separations were made in a refrigerated room at 4°. 

After about 18 hours’ electrophoresis the power supply was 
disconnected and the petrolatum removed from the surface of 
the gel. One strip of gel was cut in the direction of the migration 
and the distance from the origin to the front of the bovine hemo- 
globin measured along this cut surface. The remainder of the 
gel was cut into 0.3-cm strips at right angles to the direction of 
migration. These strips were placed into numbered test tubes 
and frozen. The LD isozymes appeared to be stable for several 
days while frozen in the gel. The gels were thawed as soon as 
convenient and macerated in an approximately equal volume of 
a solution of 1.0 mg of a-amylase per ml of 0.067 m phosphate 
buffer, pH 7.0, which was also 10% saturated with ammonium 
sulfate. This high salt concentration was used, since the slowest 
migrating rabbit LD isozyme was relatively unstable in dilute 
salt solutions. After 30 minutes’ incubation atroom temperature 
the residual starch was removed by centrifugation. The LD 
activity of the clear supernatant fluid in each tube was deter- 
mined as described above. 

Recovery tests on the LD’s in a mixture of rabbit liver and 
heart extracts were performed with the use of the vertical elec- 
trophoresis procedure, in which the volume of extract added to 
the slit was accurately measured. Enzymes recovered in the 
supernatant fluids after the action of a-amylase on the starch 
strips accounted for 55% or more of the total enzyme added. 
When the enzyme remaining in the starch residue was included, 
total recovery exceeded 85%. It was concluded, therefore, that 
the procedures used resulted in an approximately correct repre- 
sentation of the relative proportion of LD isozymes in the vari- 
ous extracts. 


RESULTS 


The percentage inhibition of the lactic dehydrogenases derived 
from various rabbit and bovine sources by antilactic dehydro- 
genases revealed both species and tissue differences in serological 
specificity of these enzymes (Table I). Antibody produced 
against rabbit skeletal muscle LD, while strongly inhibitive to 
its homologous enzyme at a concentration of 2.5 units per cuvette 
(76% inhibition), caused only a trace of inhibition of the LD 
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TABLE I 
Inhibition of lactic dehydrogenase from various sources by antirabbit 
skeletal muscle lactic dehydrogenase, antibovine heart muscle 
lactic dehydrogenase, and normal y-globulin 











Inhibition by: 
Source of LD Ln. 4 Fe ll mein 
LD* | LD* 
% % % 
Rabbit 
Skeletal muscle (purified)...........| 75.7 | 53.3 0.5 
Skeletal muscle (crude extract)....... 77.8 0.1 
Po). nr err Ce 4.3 | 51.5 | —1.7 
DIMINOUEB . S5ER cn sSien.e tate an teen 8.2 | 51.2 2.1 
ET eR eT Te ei eee 34.4 | 37.7 0.0 
Cavemoems (VE-2)......05. 0.5065 53.4 -1.1 
Cow 
Heart muscle (purified). ............. —5.5 | 66.3 | —1.9 
EVRIOCTIOB 65. on 0. 556s oee hy be 5.0 | 70.7 | —2.5 
ER iia aia: chenin vp) Mies + grein 2.8 | 67.1 0.0 














* Means of three or more determinations. Standard deviations 
at <30% inhibition, +3.8%; at 30 to 60% inhibition, +3.0%; at 
>60% inhibition, +2.1%. 


from rabbit erythrocytes and leukocytes. The rabbit plasma 
LD was inhibited to an intermediate degree, as was the LD in 
an extract from the transplantable Vx-2 tumor. The fact that 
the LD in a crude extract of rabbit skeletal muscle was inhibited 
as strongly as was the purified muscle LD showed that the pres- 
ence of other proteins in the crude extracts was not responsible 
for the lower inhibition levels observed with the LD from some 
sources. None of the LD’s from bovine sources was markedly 
inhibited by 2.5 units of this anti-LD preparation per cuvette. 
In fact, purified bovine heart muscle showed slightly increased 
activity in the presence of this anti-LD y-globulin. 

The antibovine LD preparation similarly demonstrated some, 
but considerably less, species specificity of LD since equal con- 
centrations inhibited the LD from rabbit sources less than the 
LD from bovine sources, although the former enzyme was in- 
hibited to an appreciable extent. This anti-LD did not appear 
to show tissue specificity of LD’s except that a lower per cent 
inhibition was obtained with the LD from rabbit plasma than 
from other rabbit sources. It had previously been shown that 
when this enzyme was combined with its coenzyme (DPNH) 
before the addition of anti-LD, the equilibration of LD and anti- 
LD was greatly delayed (16). In the possibility that sufficient 
coenzyme may have been present in the plasma to lower the 
percentage inhibition obtained in these tests the determinations 
were repeated with plasma dialyzed against 1.8% NaCl. This 
dialysis increased the inhibition level to approximately 50%, 
suggesting that coenzyme protection of the LD was responsible 
for the lower inhibition values obtained. Dialysis of the other 
crude samples did not result in an altered percentage inhibition 
by anti-LD. 

Extracts obtained from various rabbit and human tissues 
differed widely in their total LD content. Table II shows the 
amount of LD extracted from various rabbit tissues. Similar 
data from human tissues are not included, since the interval be- 
tween time of death and excision of tissues may have rendered 
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Taste II 
Total lactic dehydrogenase activity in extracts of rabbit tissues 
Units of LD Units of LD 
Tissue per ml of per mg of N in 
extract extract 
TT Tee 900 ,000 330,000 
| REE Btn Se |) te 410,000 55,000 
(EE A a fr 41,000 49 ,000 
Maire Sb obo thd cMoiekininhd eieektes 41,000 30,000 
| SE EES Ree nD er enan 19,000 20,000 
ERR 12,000 18,000 
MES dle Facets sc8 ah leas one ince ee | 8,600 14,000 
UE ee | 20,000 10,000 
III. hos bt eed dacenicee ee eee | 24,000 1,500 
Plasma (Vx-2-bearing animal)........ 190 13 
a ee 34 3.1 
such quantitative comparisons inaccurate. It will be noted that 


the enzymatic activity of various solid tissues ranged from 10,000 
to 330,000 units of LD per mg extract N, a 33-fold variation. 
It is apparent that rabbit erythrocytes, although a convenient 
source of LD since these cells may be easily and quantitatively 
lysed to release their enzymes, are not richly endowed with this 
enzyme in comparison to other tissues. 

The results of typical electrophoretic separations of LD iso- 
zymes from rabbit tissues are shown in Fig. 1. Although repli- 
cate determinations revealed minor quantitative variations in 
the proportions of various electrophoretically distinct LD’s, each 
type of tissue was found to have a typical pattern of these iso- 
zymes. <A total of five LD isozymes was identified. In order 
to facilitate the description of results these isozymes are desig- 
nated, from slowest to fastest migrating forms, as LD, to LD. 
In Fig. 1 the graphs have been arranged in a series from the 
tissue containing only the slowest migrating isozyme (skeletal 
muscle) to the tissues containing only the fastest migrating iso- 
zyme (erythrocytes and heart muscle). Liver, the Vx-2 tumor, 
plasma, lung, and brain contained all five isozymes but in differ- 
ent proportions. In some electrophoretic separations of the 
LD isozymes from Vx-2 tumors the amount of LD, exceeded the 
amount of LD3;, whereas in other samples the relative proportion 
of these forms was reversed. The low LD levels characteristic 
of the plasma from normal mature rabbits (Table II) resulted in 
poor electrophoretic separation of the isozymes from this source. 
Better results were obtained with the plasma from rabbits bear- 
ing the Vx-2 tumor. Preliminary results indicated that the dis- 
tribution of LD isozymes in the plasma of rabbits bearing this 
tumor showed an increase in the proportion of LD: and LD; 
isozymes over the proportion found in plasma from normal ani- 
mals. 

In some separations, with the use of horizontal starch gel elec- 
trophoresis of liver extracts from rabbits bearing the Vx-2 tumor, 
the LD, isozyme appeared to split into two components. When 
the same extracts were separated by the vertical electrophoresis 
procedure, the LD; isozyme moved as a single entity. 

When the distances of migration of the five isozymes were 
compared relative to the migration front of bovine hemoglobin 
(Rex value) it was found that each homologous isozyme migrated 
in the same position regardless of tissue of origin. These Raq 
values, which may therefore be used to characterize and identify 
the isozymes, are listed in Table III. It will be noted from the 
Rex values that the isozymes were uniformly spaced in the 
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starch gel after electrophoresis, with the exception of a somewhat 
greater than average distance between LD, and LD». 

Fig. 2 shows the results of typical electrophoretic separations 
of LD isozymes derived from human tissues. The distribution 
of these isozymes resembled the distribution of the isozymes from 
rabbit tissues in several respects. A total of five isozymes was 
found in each species. Human skeletal muscle yielded only one 
isozyme, as with rabbits, although the isozyme moved slightly 
towards the cathode, whereas the comparable rabbit isozyme 
moved slightly towards the anode. When the human tissues 
were arranged in order of an increasing content of fast migrating 
isozymes, they fell into the same sequence as did the rabbit tis- 
sues. The Rsy values of the human isozymes (Table III) 
showed that these LD forms were also uniformly spaced in the 
starch gel, except for a greater spread between the first two iso- 
zymes. The human isozymes were all more widely spaced than 
the rabbit LD isozymes, permitting a sharper separation of the 
former. 

Some notable differences between the distribution of LD iso- 
zymes in the human and rabbit tissues were also apparent. Only 
four of the five LD isozymes were detected in human plasma, 
whereas all five LD isozymes were found in rabbit plasma. 
Human erythrocytes and heart muscle contained the three fast- 
est migrating isozymes; these same tissues from the rabbit con- 
tained just the fastest migrating form. Human heart muscle 
contained a quantitatively predominant amount of LDs. 


DISCUSSION 


The data presented here confirm the reports that electropho- 
retically (4-14) and serologically (1, 2) distinct forms of lactic 
dehydrogenase occur in mammalian tissues. The electropho- 
retic separations indicated that the distribution of isozymes in 
different tissues varied quantitatively as well as qualitatively. 
For example, skeletal muscle and heart muscle, both human and 
rabbit, contained qualitatively distinct isozymes. On the other 
hand, although human heart muscle contained the same three 
LD isozymes as did human erythrocytes it had a much greater 
relative amount of LD; than did the erythrocytes. This high 
proportion of LD; in human heart muscle may explain the ob- 
servation by Vesell and Bearn (9) that sera from patients with 
myocardial infarction showed a selective elevation of the fastest 
migrating LD component as separated by zone electrophoresis 
in a starch block. The results reported here for human erythro- 
cytes agree with the separations Vesell and Bearn (9) reported, 
but these workers did not observe the presence of the LD, iso- 
zyme in their serum samples. This isozyme appears to be less 
stable than the faster migrating forms, which may account for 
their failure to detect it. 

Serological differences between the LD’s from rabbit tissues 
were clearly detected with the antirabbit muscle LD. The 
failure of antibovine heart muscle LD to differentiate between 
LD’s derived from various tissues of a single species may have 
resulted from the presence of more than one LD isozyme in the 
heart muscle LD preparation used for the production of antibody 
(5, 7). Thus the antibovine LD may have been polyvalent. 
Kubowitz and Ott (20) found no serological differences between 
purified lactic dehydrogenases derived from a rat sarcoma and 
normal rat muscle. 

A comparison of data on the inhibition by antibody of the 
lactic dehydrogenases in crude extracts of rabbit tissues (Table 
I) with the patterns of LD isozymes obtained by electrophoresis 
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Fig. 1. Distribution of lactic dehydrogenase isozymes in rabbit tissues as separated by starch gel electrophoresis. Position of 
nf the the reference protein, bovine hemoglobin, is shown below each graph. 


Table 
oresis 


200 








LO UNITS 
LO UNITS 



































XUM 





2286 





aa Fr a a a a ee ee oe eee 


300} SKELETAL MUSCLE | 


200} 


100} 


LO UNITS 



































no 
z 
> 
ra) 
a 
PLASMA 
16, 4 
12 a 
o 
= 4 
5 68 ; 
a 
= 
4 











Electrophoresis of Lactic Dehydrogenases. I 

















i a i a i se me ee 


6 4-20 2 4 6 8 10 [2 [4 I6 I8 20 22 24 26 
FRACTION NUMBER 


Fia. 2. Distribution of lactic dehydrogenase isozymes in human tissues as separated by starch gel electrophoresis. 
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the origin and the reference protein, bovine hemoglobin, are shown below each graph. 


TABLE III 
Electrophoretic migration* of rabbit and human lactic 
dehydrogenases relative to the migration front of 
purified bovine hemoglobin (Rez) 











Source of enzyme 
LD number 

Rabbit Human 

RBH RBH 
1 0.13 + 0.05 —0.21 + 0.02 
2 0.54 + 0.05 0.39 + 0.03 
3 0.85 + 0.03 0.75 + 0.02 
+ 1.18 + 0.03 1.14 + 0.05 
5 1.51 + 0.04 1.53 + 0.05 











*In starch gel containing barbital buffer, ionic strength = 
0.05, pH 8.6. 


(Fig. 1) shows that, at the concentrations used, antibody to rab- 
bit LD, (skeletal muscle LD) inhibited only a trace amount of 
LD; (erythrocyte LD). The fact that the same concentration 
of this anti-LD gave an intermediate level of inhibition of the 


LD from the Vx-2 tumor extract and rabbit plasma, agrees with 
the electrophoretic findings that these samples contained a mix- 
ture of isozyme forms and suggests that the isozymes intermedi- 
ate between the slow and fast migrating forms were inhibited 
to an intermediate degree by the anti-LD. Similarly, Nissel- 
baum and Bodansky (2) found that an antirabbit muscle lactic 
dehydrogenase preparation which inhibited the LD from rabbit 
skeletal muscle 80% inhibited the LD’s from liver, 70%; spleen, 
43%; kidney, 25%; and heart, 9%. These data correlate with 
the LD isozyme patterns found in these tissues. 

The data suggest that it should be possible to identify the 
origin of LD causing elevated serum LD levels observed in 
certain disease states (15, 21), by determining the proportion of 
LD isozymes in the serum, or to detect specific changes in 
these proportions in the absence of an elevation of the total 
serum LD level. The apparent increase in the proportion of 
LD, and LD; isozymes in the plasma of rabbits bearing the Vx-2 
tumor is pertinent, since these are the two isozymes present in 
greatest concentrations in this tumor. Immunochemical proce- 
dures have been studied for the determination of the tissue of 
origin of human serum alkaline phosphatase (22) and rabbit 
serum LD (2). 
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Studies on the properties and interrelationships of the LD iso- 
zymes described here are presented in Paper II of this series. 


SUMMARY 


Lactic dehydrogenase has been shown to occur in serologically 
distinct forms in different rabbit tissues. Five electrophoreti- 
cally distinct forms (isozymes) of lactic dehydrogenase have been 
isolated from both rabbit and human tissues. Each tissue was 
found to have a characteristic distribution of these isozymes and 
quantitative isozyme patterns for nine rabbit tissues and plasma 
and five human tissues and plasma have been presented. Anal- 
ogous rabbit and human tissues were found to have similar but 
not identical isozyme patterns. 
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The lactic dehydrogenase of mammalian tissues has been shown 
to exist in several electrophoretically distinct forms or isozymes 
(1). Paper I of this series (2) showed that various rabbit and 
human tissues each possessed a characteristic pattern of lactic 
dehydrogenase isozymes. Elevations in human serum LD! levels 
have been found to have diagnostic implications (3-5) and Ves- 
ell and Bearn (6) have shown that the proportion of these iso- 
zymes in the serum becomes altered in different ways in differ- 
ent disease states. This variation in the proportion of LD 
isozymes in sera is presumably a reflection of the isozyme dis- 
tribution in the tissues contributing the excess LD to these sera. 
The desirability of a rapid test for determining the relative 
amounts of each of the LD isozymes in plasma or serum prompted 
a study of the properties of the five isozymes which have been 
separated electrophoretically from both rabbit and human tis- 
sues. The experiments reported here show that a uniform 
change occurs in the properties of the isozymes which correlates 
with their electrophoretic-mobility. The development of a rapid 
test for determining the relative amounts of electrophoretically 
slow migrating to electrophoretically fast migrating LD isozymes 
is described. 


EXPERIMENTAL PROCEDURE 


Isozyme Isolation—The five rabbit and five human LD iso- 
zymes were isolated from the appropriate tissues by starch gel 
electrophoresis as previously described (2). All experiments 
used freshly isolated isozymes since some changes, as described 
in “Results,” were observed to occur during storage of the rabbit 
LD with the greatest electrophoretic mobility (LDs). 

Lactic Dehydrogenase Assays—The procedure for measuring 
LD activity (4) was modified by the use of 0.067 m phosphate 
buffers at various pH values, and sodium pyruvate at various 
concentrations as indicated in ‘‘Results.”” The temperature of 


* This work was supported by grants of the National Cancer 
Institute of Canada (Project 203) and the National Cancer Insti- 
tute (U.S. A.) (Grant CY 3809). It forms part of the program of 
the senior author for the M.S.A. degree. 

1 The abbreviations used are: LD, lactic dehydrogenase; LD,- 
-++LDs, the electrophoretically distinct forms of rabbit and hu- 
man LD from lowest to highest electrophoretic mobility; anti-LD, 
antibody inhibitive to LD; V; and V2, reaction velocities under 
conditions (a) and (b), respectively, for rabbit and human LD as 
described in text; Rex, distance of electrophoretic migration rela- 
tive to the migration front of bovine hemoglobin. 


all reaction mixtures was maintained at 30°. The sodium pyru- 
vate (Nutritional Biochemicals Corporation) was stored in a 
desiccator before the preparation of substrate solutions for the 
LD tests. DPNH (Sigma Chemical Company) was dissolved in 
distilled water at a concentration of 2.7 mg per ml. Both pyru- 
vate and DPNH solutions were dispensed in 1- to 2-ml amounts 
in glass vials and stored in the frozen state at —10° until needed. 
Purified p(—)-calcium lactate and L(+)-calcium lactate (Cali- 
fornia Foundation for Biochemical Research) were used in ex- 
periments to determine the specificity of the rabbit isozymes for 
the optical isomers of lactate. Lactic acid was released from the 
calcium salts with 1 N HsSO,, the insoluble calcium sulfate re- 
moved by centrifugation, and the lactic acid neutralized to pH 
7.0 with 1 nN NaOH. The action of the rabbit LD isozymes on 
these solutions was determined by the procedures described by 
Ottolenghi and Denstedt (7) and several of the concentrations of 
lactate and DPN used by them were tested. 

Antilactic Dehydrogenase—Antibody inhibitive to rabbit muscle 
lactic dehydrogenase, used to detect serological differences be- 
tween individual isozymes, was prepared and tested as previously 
described (8). The preparation used in these experiments con- 
tained 17 units of anti-LD activity per mg. 


Other Enzymes—Enzymes used in attempts to interconvert | 
rabbit LD isozymes were obtained from Nutritional Biochemicals | 


Corporation and used as follows: ribonuclease (crystalline); 
deoxyribonuclease (crystalline); crude peptidase, 0.10, 0.15, and 
0.20 mg per ml, respectively, in 0.067 m phosphate buffer, pH 
7.0; and alkaline phosphatase (intestinal) + 0.0025 m MgCl, and 
trypsin (crystalline), both at 0.15 mg per ml in barbital buffer, 
pH 8.6. These were incubated with heart extract and with 
electrophoretically purified LD; at 30° and tested at intervals by 
the differential method described in the results. 


RESULTS 


The lactic dehydrogenases of several mammalian tissues have 
been reported to be specific for lactate with the L configuration 
(9-12), whereas Ottolenghi and Denstedt (7) reported that 
“D-lactate is as good a substrate as L-lactate, for the lactic de- 
hydrogenase of the rabbit erythrocyte.” Rabbit muscle and 
rabbit erythrocytes have each been shown to contain single LD 
isozymes; namely, the isozymes with the smallest (LD,) and 
greatest (LD;) electrophoretic mobilities, respectively (2). 
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Since a difference in optical specificity between these LD iso- 
zymes would provide the basis for a simple test to measure the 
quantity of each of these isozymes in a mixture of the two, this 
specificity was investigated. The test conditions used by Otto- 
lenghi and Denstedt (7) were reproduced as closely as possible 
utilizing purified rabbit muscle LD, a rabbit erythrocyte lysate, 
and electrophoretically purified LD; from rabbit erythrocytes. 
All three preparations rapidly oxidized L(+)-lactate in the pres- 
ence of DPN, but the same concentrations gave reaction veloci- 
ties with p( —)-lactate of less than 5% of the velocity with the L 
isomer. Whether this slight increase in optical density was 
caused by a slow reaction with p(—)-lactate or by a small con- 
tamination with L(+)-lactate was not clear. Examination of 
both lactate solutions by a polarimeter confirmed the fact that 
they rotated light in opposite directions and that both isomers 
were present at the same concentrations. The reaction velocity 
of LD; in a mixture of p(—) and L(+) lactates (0.013 m of each) 
was the same as the velocity with 0.013 m 1L(+)-lactate alone. 

When the LD, and LD; isozymes from rabbit muscle and 
erythrocytes, respectively, were tested at pH 7.4 at 1.5 x 10~¢ 
m DPNH and various concentrations of sodium pyruvate, and 
double-reciprocal (Lineweaver-Burk) plots (13) of the data were 
made, the apparent Michaelis constant for pyruvate of LD, 
(3.5 X 10-4 m) was found to be appreciably greater than the 
value for LDs (6.7 X 10-5). All the LD isozymes from both 
rabbit and human sources showed the phenomenon of inhibition 
by excess pyruvate (11, 14, 15) and, therefore, at a fixed pH each 
exhibited a substrate concentration optimum which differed for 
each isozyme. The greater the electrophoretic mobility of an 
LD isozyme, the lower the pyruvate concentration optimum for 
that isozyme. This difference is shown for the two extremes of 
the human isozymes, LD; and LD,, in Fig. 1. The substrate 
concentration optimum and pH optimum were interdependent 
for all isozymes. A decrease in pH (in the range tested, pH 6.1 
to 8.0) decreased the substrate concentration optimum. Con- 
versely, a decrease in pyruvate concentration decreased the pH 
optimum. The activity which was attained at each pH at the 
corresponding pyruvate concentration optimum was approxi- 
mately the same within the pH range 6.1 to 7.4 for the rabbit 
LD isozymes and for the entire range tested (pH 6.0 to 8.0) for 
the human LD isozymes. At pH 8.0 the rabbit LD, isozyme 
showed less activity at the corresponding optimal pyruvate con- 
centration. 

Two concentrations of sodium pyruvate were selected from the 
data in Fig. 1 such that at pH 7.0 the higher concentration, 0.0012 
M, was nearly optimal for the activity of the human LD, isozyme 
while allowing only 70% of optimal activity of LDs. Conversely, 
the lower concentration, 0.00015 mM, was nearly optimal for 
LD;, but allowed only 70% of optimal activity of LD:. The 
reaction velocities under these two sets of conditions were desig- 
nated V; and Vs, respectively. Each LD isozyme showed a 
characteristic ratio of these two reaction velocities (V1: V2). 

Similar data for the rabbit isozymes yielded two sets of condi- 
tions; namely, (a) pH 7.0 and 0.0025 m sodium pyruvate that 
gave near optimal conditions for rabbit LD, while allowing only 
43% of total attainable activity with rabbit LD,;, and (b) pH 
8.0 and 0.0006 m sodium pyruvate that gave near optimal condi- 
tions for LD; while allowing only 44% of total attainable activity 
with LD,;. The reaction velocities of rabbit LD preparations 
under conditions (a) and (b) were also designated V,; and V2, 
respectively. 
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Fig. 1. Effect of pyruvate concentration on the velocity of the 
reaction with human lactic dehydrogenase isozymes LD, and LD; 
at pH 7.0. Broken vertical lines show the reaction velocities at 
the substrate concentrations selected for determination of Vi:V2 
ratios (see text). 


The amount of each of the LD, and LD; isozymes in a mixture 
could be determined by measuring the V; and V2 values for the 
mixture and solving for the concentrations of the two isozymes 
by two simultaneous equations. For the rabbit isozymes these 
equations are: 


Vi = units LD, + 0.43 (units LD;) 
V2 = 0.44 (units LD,) + units LD; 


where a unit of each LD isozyme is defined in terms of the reac- 
tion velocity obtained under its optimal conditions (condition 
(a) for LD, and condition (6) for LD;). A reconstruction experi- 
ment with mixtures of rabbit LD, and LD, isozymes in various 
proportions showed that the ratio of reaction velocities under the 
two conditions, that is V,: V2, coincided with calculated values 
(Fig. 2). 

The five LD isozymes from both rabbit and human sources, 
when tested under the two differential sets of conditions selected 
for the respective species, showed a progressive decrease in 
Vi: V2 ratios from LD, through LD; isozymes. The logarithms 
of these ratios were directly proportional to the distances of elec- 
trophoretic migrations of the isozymes (Fig. 3B and 4B). The 
values plotted were obtained with isozymes isolated from a 
variety of tissues. 
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Fig. 2. Agreement of experimentally determined ratios of re- 
action velocities (V:i/V2); O, with calculated values; @, in mix- 
tures of rabbit lactic dehydrogenase isozymes LD, and LDs. 
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Fia. 3. Interrelationships of rabbit lactic dehydrogenase iso- 
zymes as a function of their distance of electrophoretic migration 
relative to the migration front of purified bovine hemoglobin 
(Rex). A, Inhibition of isomyzes with 0.12 mg (2 units) of puri- 
fied antirabbit muscle lactic dehydrogenase (anti-LD,) per 2.7 
ml of reaction mixture. B, Effect of pyruvate concentration as 
indicated by Vi: V2 ratios. 
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Fia. 4. Interrelationships of human lactic dehydrogenase iso- 
zymes as a function of their distance of electrophoretic migration 
relative to the migration front of purified bovine hemoglobin 
(Rex). A, Inhibition of isozymes with 0.5 mg (8.4 units) of puri- 
fied antirabbit muscle lactic dehydrogenase (anti-LD,) per 2.7 
ml of reaction mixture. B, Effect of pyruvate concentration as 
indicated by Vi: V2 ratios. 


LOG(t 1) =LOG- + rLOG A 
Lob 


0.5 4 
= oof o ; 
ais / 
o 
°o 
=~ 1.5L o 


/ STATISTICAL 











1.0 oO SLOPE «Fr =#1.52 
ce) 
2.5) / 
o 
Se eee ree 
2.0 3.0 4.0 


LOG A (ug.ANTI-LD/ML.) 

Fia. 5. Determination of r; the number of molecules of anti- 
rabbit muscle lactic dehydrogenase (anti-LD,) combining with 1 
molecule of rabbit lactic dehydrogenase isozyme LD;; where V 
and V4 are reaction velocities in the absence and presence of anti- 
LD; concentration A, respectively, and Ky is the dissociation 
constant of the enzyme-antibody complex. 


The inhibition of the five rabbit LD isozymes by antibody pro- 
duced in chickens against rabbit skeletal muscle lactic dehydro- 
genase (LD,) showed a progressively decreasing percentage of in- 
hibition of these isozymes from LD: to LDs, inclusive; however, 
no significant difference was detected between the percentage of 
inhibition of LD; and LD: by this anti-LD (Fig. 3A). Equal 
inhibition of these two LD isozymes was also obtained when 
lower concentrations of anti-LD were tested. 

Inhibition tests on the human LD isozymes by antirabbit 
muscle LD yielded entirely unexpected results (Fig. 4A). Owing 
to a species difference in serological specificity, a 4-fold increase 
in the concentration of anti-LD used in the tests with the rabbit 
LD’s was required to give a significant degree of inhibition of the 
human LD’s. The three isozymes of lowest electrophoretic mo- 
bility (LD, to LDs;) were inhibited to the same extent, whereas 
a progessive increase in percentage of inhibition occurred between 
LD; to LD;. 

A study of the inhibition of rabbit skeletal muscle LD by its 
homologous antibody had shown previously that 1 molecule 
of anti-LD was sufficient to inhibit 1 molecule of LD (8). 
Similar determinations on the inhibition of rabbit LD; with 
anti-LD, gave values for the number of molecules of anti-LD; 
required to inhibit 1 molecule of LDs, of 1.42 and 1.52 (Fig. 5). 
In accordance with this apparent multiplicity of antibody re- 
quired to inhibit LD;, a higher concentration of anti-LD, was 
required to give a significant inhibition of this isozyme than with 
the homologous isozyme; but increasing the anti-LD, concentra- 
tion increased the percentage of inhibition of LD; more rapidly 
than it did that of LD,, so that more than 95% inhibition of both 
isozymes was obtained in some experiments. 
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The V,:V-2 ratios of LD activity in crude rabbit tissue extracts 
(Table 1) agreed with the expected values based on the quantita- 
tive distribution of isozymes in those extracts (2) and V::V2 
ratios of the component isozymes (Fig. 3B). The use of these 
ratios with both rabbit and human tissue extracts and plasma 
samples, therefore, gave a measure of the relative proportion of 
isozymes of low to those of high electrophoretic mobilities. 

The Vi: Ve ratio values did not always remain constant upon 
storage of the extracts. One rabbit tumor extract showed a 
progressive ratio change from 1.23 to 2.18 during a 24-hour 
period. A liver extract showed a similar change over a 3-day 
period. These changes occurred in some extracts only. Elec- 
trophoretically purified LD;, however, consistently showed a 
change in V,:V2 ratio upon storage (Table II). Although an 
increase in ratio in the tumor and liver extracts could have re- 
sulted from a differential inactivation of the LD, and LD; 
isozymes, the change noted in the purified LD; preparation sug- 
gested that a conversion of this isozyme to the other forms may 
have occurred. The rate of change in ratio was not accelerated 
by the use of ribonuclease, deoxyribonuclease, or a crude pep- 
tidase. The latter preparation actually prevented a spon- 
taneous change from occurring. The rate of increase in the 
Vi: V2 ratio was markedly accelerated by the use of trypsin, 0.15 
mg per ml, in barbital buffer pH 8.6 (Table IT); the change being 
accompanied by a marked decrease in total activity. Alkaline 
phosphatase had a similar but much slower effect at an equal 
concentration. Since the changes in ratios with alkaline phos- 
phatase and trypsin were the same in proportion to the amount 
of inactivation which occurred, it was considered possible that 
the alkaline phosphatase preparation contained some trypsin. 
Starch gel electrophoresis of a crude extract of rabbit heart, 
Vi:V2 = 0.40, and a portion of the same extract treated with 
trypsin, Vi: V2 = 0.60, each yielded a single peak of activity at 
the Rex value characteristic of LD;. The enzymes eluted from 
these peaks still showed these two different ratios. A compari- 
son of the enzymatic activity of LD; preparations with low and 
high Vi:V2 ratios, as a function of pyruvate concentration, 
showed that the two preparations reacted identically at low 
substrate concentrations but that the form with the 0.60 ratio 
showed less inhibition by excess substrate. Since the expected 
low activity of LD; at the high pyruvate concentration (Vi) was 
dependent upon this inhibition by pyruvate, this change appeared 
to be responsible for the change in V,:V2 ratios. All LD; iso- 
zymes isolated from various rabbit and human tissues and plasma 
showed the low Vi:V2 values. The ratio with the LD; from 
rabbit heart muscle, however, was slightly but significantly 
lower than that isolated from rabbit erythrocytes (Table 1). 


DISCUSSION 


The ability of the lactic dehydrogenase of the rabbit erythro- 
cyte to oxidize p(—)-lactate, as reported by Ottolenghi and 
Denstedt (7), could not be confirmed. Good activity was ob- 
tained with both the rabbit muscle enzyme (LD;) and the 
erythrocyte enzyme (LD;) on L(+)-lactate, whereas both LD 
isozymes showed only a trace of activity with an equal concen- 
tration of the p(—) isomer. The fact that the presence of 
D(—)-lactate did not decrease the reaction velocity of LD; acting 
on L(+)-lactate showed that the p(—)-lactate solution was free 
of substances toxic to the enzyme. In view of the interrelation- 
ships of the LD isozymes reported in this paper it seems valid to 
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TaBLeE [| 
V.:Ve ratios of rabbit tissue extracts and plasma 
Tissue | Vi: Ve Tissue Vi: V2 
Skeletal muscle.....| 2.3 + 0.2} Brain......... 0.65 + 0.07 
BUWOR. . 5s teas snioee 1.5 + 0.2 | Spleen 0.56 + 0.08 
Carcinoma (Vx-2)...| 1.3 + 0.3 | Kidney....... 0.41 + 0.04 
Fee PhS 0.96 + 0.16) Erythrocytes.| 0.44 + 0.02 
121 LE eee ee 0.65 + 0.07) Heart....... 0.38 + 0.04 
TaBLeE II 


Changes in V:V2 ratios of electrophoretically purified rabbit heart 
lactic dehydrogenase (LDs) 








Days Control Trypsin added Peptidase added 
0 0.34 0.43 0.33 
1 0.39 0.62 0.38 
2 0.57 1.30 0.38 
3 0.61 
20 0.93 














assume that the intermediate LD isozymes are likewise specific 
for lactate of the L configuration. 

The strongly pH-dependent pyruvate inhibition of all the rabbit 
and human LD isozymes reported here has been observed by 
Winer and Schwert (15) with beef heart LD. These workers 
attained a higher total enzyme activity the lower the pH, pro- 
vided the pyruvate concentration was also lowered to the 
appropriate concentration. By contrast, Futterman and Kino- 
shita (16), with the use of an LD isozyme from bovine retina, 
obtained slightly higher activity at pH 7.9 than at pH 5.5 when 
the concentrations of pyruvate optimum for each pH were used. 
The total activity attainable with the human and rabbit LD iso- 
zymes was approximately constant over a broad pH range when 
the optimal pyruvate concentration for each pH was provided. 
Each of the human and rabbit LD isozymes showed different 
substrate concentration optima at any fixed pH, which was a 
constant value for each of these isozymes. The differences in 
response to variations in pyruvate concentration reported by 
Thiers and Vallee (17) to occur with two different batches of 
crystalline LD from the same source may have been due to 
variations in the proportions of isozymes in these preparations. 

The discovery that each LD isozyme responds differently to 


_changes in pyruvate concentration was anticipated by Hess (18), 


who observed that the LD in sera from human beings in various 
pathological states showed different apparent Michaelis con- 
stants for pyruvate. These differences undoubtedly resulted 
from varying proportions of LD isozymes in the sera. Pfleiderer 
and Jeckel (19) found that the LD from rat heart had a lower 
apparent Michaelis constant for pyruvate and a greater inhibi- 
tion by excess pyruvate than did the LD from rat skeletal muscle. 

The uniform increments of electrophoretic mobilities between 
the various rabbit and human LD isozymes (2) and the uniform 
change in their response to varying pyruvate concentrations as 
embodied in the V,: V2 ratios described here, as well as the uni- 
form increment in percentage of inhibition between most of the 
rabbit LD isozymes by antibody against LD,, suggest that some 
uniform chemical change exists between different LD isozymes. 
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A similar correlation of sulfite inhibition with electrophoretic mo- 
bility of rat LD’s was reported by Wieland and Pfleiderer (20). 
It appears unlikely that the differences between LD isozymes can 
result from polymerization, since these isozymes have been 
found to be monodisperse upon ultracentrifugation (21-23). 
Wieland and Pfleiderer (20) concluded that the presence of 
nucleic acids did not account for the differences in the electro- 
phoretic mobility, since the LD components of rat kidney were 
not precipitated by protamine, and that there did not appear to 
be enough phosphate on the enzymes to account for the differ- 
ences in mobility. The ineffectiveness of ribonuclease, deoxyri- 
bonuclease, and alkaline phosphatase in converting the most 
rapidly migrating LD isozyme into other isozymes is in agree- 
ment with their conclusions. 

The reason for calculated average values of about 1.0 and 1.5 
molecules of anti-LD, being required for the inhibition of single 
molecules of LD; and LDs, respectively, is not clear. Any 
postulated chemical difference between these isozymes should 
take this antigenic difference into consideration. 

Ottolenghi and Denstedt (14) and Novoa et al. (24) inde- 
pendently concluded that one possible mechanism for the in- 
hibition of lactic dehydrogenase by excess pyruvate could be 
the combination of pyruvate with the site normally reactive 
with lactate. The former workers assumed that two different 
sites were involved for the combination of pyruvate and lactate 
with the enzyme, whereas the latter considered that but one 
reactive site existed which reacted preferentially with pyruvate 
or lactate, depending on whether the coenzyme was reduced or 
oxidized, respectively. According to either concept the decrease 
in the amount of excess pyruvate inhibition of rabbit LDs;, when 
the latter was modified by trypsin or by storage of the purified 
isozyme, could be explained by assuming a modification of the 
site reactive with lactate. Whether this change was accom- 
panied by an increase in the Michaelis constant of the enzyme 
for lactate has not been explored. 

A study of the quantitative distribution of LD isozymes in 
rabbit and human tissue extracts (2) suggests that the differences 
between these distributions can be considered to be the extent 
to which the proportion of isozymes is shifted towards the slow 
electrophoretically migrating forms or towards the fast migrat- 
ing forms. The primary instance where both extremes were 
present in high proportion relative to the intermediate forms 
was in human plasma. In this case the LD isozymes may be as- 
sumed to have been derived from diverse tissues. The results 
obtained from synthetic mixtures of isozymes have shown that 
the reaction rates of different isozymes in a mixture are inde- 
pendent of each other and additive. The relative proportion 
of slow migrating to fast migrating isozymes in a tissue extract 
can, therefore, be rapidly estimated by measuring the reaction 
velocities under two sets of conditions and determining the 
Vi: V2 ratio as described herein. The extent to which a given 
tissue contributes lactic dehydrogenase to the serum in a patho- 
logical state would modify the V;:V2 ratio of the serum in ac- 
cordance with the ratio characteristic of that tissue. 

This method for measuring changes in the proportion of LD 
isozymes in serum appears to be superior to the use of anti-LD 
for this purpose, since it is more rapid and does not require the 
production of specific antibody. It does, however, require ac- 
curate control of reagent concentrations, pH, and temperature. 

In the foregoing discussion it has been assumed that the elec- 
trophoretically analogous isozymes were identical regardless of 
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their tissue of origin. This assumption was based on the fact 
that no significant differences were detected between comparable 
isozymes from different tissues in electrophoretic mobility, in- 
hibition by antibody and, for the most part, response to varied 
pyruvate concentrations. That this assumption may not be 
entirely valid is suggested by the fact that slightly different 
Vi:V2 ratios were obtained when the LD; isozyme was isolated 
from rabbit erythrocytes than when it came from heart muscle, 
The possibility remains also that refinements of technique may 
result in separation of the isozyme preparations described here 
into component forms. 


SUMMARY 


1. Five electrophoretically distinct forms (isozymes) of lactic 
dehydrogenase derived from rabbit tissues and five from human 
tissues have been studied with respect to pH optima, influence 
of pyruvate concentration, and inhibition by antibody produced 
against rabbit muscle lactic dehydrogenase. 

2. The effects of pH and pyruvate concentration were shown 
to be interdependent with all the lactic dehydrogenase isozymes; 
the lower the pyruvate concentration, the lower the pH optimum. 

3. All the isozymes from each species were inhibited by excess 
pyruvate and showed a uniform decrease in the resultant pyru- 
vate concentration optimum with increasing electrophoretic 
mobility. 

4. Antibody to rabbit muscle lactic dehydrogenase (the slowest 
electrophoretically migrating isozyme) was strongly inhibitive 
to the next fastest migrating form, but showed uniformly less 
inhibition of each of the remaining three rabbit isozymes, cor- 
relating with their electrophoretic mobility. The average num- 
ber of molecules of antibody required to inhibit 1 molecule of 
the fastest migrating isozyme was found to be 1.5. 

5. The rabbit lactic dehydrogenases with highest and lowest 
electrophoretic mobilities were shown to be specific for lactate of 
the L configuration. 

6. Rapid tests for the determination of the relative amounts 


of slow migrating to fast migrating lactic dehydrogenase isozymes | 


in a mixture, based on reaction velocities under two selected 
conditions, are described for both rabbit and human forms. 
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When the final stages in the purification of a protein are ap- 
proached, the most advantageous form of chromatography is 
probably elution analysis in which a buffer of uniform composi- 
tion is used throughout the entire chromatogram (1). One of 
the most successful of such chromatographic systems uses the 
carboxylic ion exchange resin, Amberlite IRC-50. However, 
elution analysis with the use of this resin has been successfully 
accomplished only when applied to neutral or basic proteins (1). 
The problem with other proteins is that in buffers with a pH low 
enough to bring about an appreciable binding of the nonbasic 
protein to the resin, the protein is more or less irreversibly bound 
and cannot be released from the resin until the pH or the ionic 
strength of the buffer has been significantly increased. Schmid 
et al. (2) have exploited this all-or-none type of binding in ex- 
tending the use of Amberlite IRC-50 chromatography to non- 
basic proteins. These workers allow a mixture of proteins to 
be bound to the resin at low pH values, and then wash the pro- 
teins from the resin successively by stepwise increases of pH. 
Although such an approach has a valuable place in protein purifi- 
cation, particularly in the earlier stages of purification when the 
isolation of families of closely related proteins may be desirable, 
elution by sudden changes of pH or ionic strength fails to subject 
proteins to the resolving power characteristic of elution analysis. 

The possibility of chromatographing nonbasic proteins on 
Amberlite IRC-50 by elution analysis still exists, and hope of its 
accomplishment may be based on the work of Boardman and 
Partridge (3). These authors suggest that the relatively ir- 
reversible binding of the protein to the resin in solutions below 
pH 6 is in large part due to hydrogen bonding. According to 
their explanation, when the pH of the buffer is lowered enough 
to make the charge on the protein suitable for ion exchange, the 
buffer causes appreciable protonation of the carboxyl groups of 
the resin which then bind each protein molecule through hydro- 
gen bonds. Such bonds are likely to form multipoint attach- 
ments between protein and resin with the result that the protein 
cannot progress down a column of resin unless all the resin-pro- 
tein bonds are broken simultaneously. A buffer with pH high 
enough to avoid hydrogen bonding would render the protein 
unsuitable for reversible ion exchange while a buffer with pH 
low enough for the ion exchange equilibrium would result in the 
hydrogen bonding problem. Clearly, it is difficult or impossible 
to find conditions which simultaneously eliminate hydrogen 
bonding and allow ion exchange of a freely reversible kind. 

At least two possibilities exist for overcoming the problem of 
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multiple hydrogen bonding. One possibility is to reduce the 
concentration of carboxyl groups on the resin. Such an ap- 
proach can be seen in the work of Boardman (4), who prepared 
a new resin on which he recently chromatographed insulin. 
Resins containing a lower concentration of carboxyl groups could 
also be prepared as carboxymethy! cellulose (5). A second pos- 
sibility is to use the Amberlite IRC-50 resin but to attempt the 
disruption of the multiple hydrogen bonding by the use of a 
chemical such as urea. If the hydrogen bonding could be elim- 
inated in this way, simple ion exchange could take place and 
chromatography could be accomplished with the use of a single 
buffer throughout any one experiment. The work to be re- 
ported represents a study of this latter approach and its applica- 
tion to the chromatography of insulin, a model nonbasic protein. 


EXPERIMENTAL PROCEDURE 


Insulin Samples'—The crystalline bovine insulin samples used 
were from Eli Lilly and Company, Lots 535664 and 693502, and 
from the International Standard supplied by The British Drug 
Houses, Ltd. (Batch 2189). Crystalline porcine insulin used 
was Eli Lilly Lot 723603, whereas the amorphous porcine sample 
was Eli Lilly Lot 200-1B-17. 

Preparation of Buffers—Solutions of 8 m urea (or other stated 
concentrations) were prepared and deionized by passing them 
through columns of mixed-bed ion exchange resin (Amberlite 
MB-1). This deionized urea was then used to dissolve the salts 
in preparing a solution of 0.13 m NaH2PO,-8 m urea and in 
making a solution of 0.13 M NasHPO,-8 m urea. Small amounts 
of the 0.13 m Na2HPO,-8 urea solution were added to the 0.13 
mM NaH.PO;-8 m urea until the desired pH (as read with the use 
of a glass electrode) was reached. To 1 liter of the NaH2PQ, 
solution, NazHPO, solution was added to the extent of approxi- 
mately 60 ml for pH 6.00, 70 ml for pH 6.05, or 80 ml for pH 
6.10. It may be observed that the concentration of Na* varied 
slightly from a buffer of one pH to a buffer of another pH. 

Preparation of Resin and Operation of Columns—The resin 
used was usually Amberlite IRC-50 (XE-64) which had been 
screened (wet) through 200-mesh wire gauze, but successful 
chromatography was also obtained with IRC-50 in the form 
referred to as XE-97. The columns were prepared and used as 


1The author is grateful to Dr. Edward Grinnan of Eli Lilly 
and Company, Indianapolis, Indiana, for supplying some of these 
samples. The fractions of insulin purified by countercurrent 
distribution were generously given by Dr. Lyman Craig of The 
Rockefeller Institute to whom the author wishes to express his 
thanks. The author is also grateful to Dr. Andreas Chrambach 
and Dr. Frederick Carpenter of this University for samples of 
insulin purified by partition chromatography. 
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described by Hirs et al. (6) except that the buffers contained urea. 
The chromatography was carried out in cold rooms at 3-5° at a 
flow rate of 3 to 5 ml per hour. Insulin in amounts of 1 mg to 
100 mg was applied to columns of 0.90 x 20 cm or 0.64 x 30 
cm. 
Analysis of Effluent Fractions and Isolation of Protein—Fre- 
quently the whole fraction (0.5 to 1.0 ml) was used for analysis 
in the test tube in which it was collected; at other times aliquots 
were analyzed. The assay for protein was carried out with the 
procedure described by Lowry et al. (7). 

Insulin was recovered from the effluent fraction by precipita- 
tion with 12 volumes of acetone (10 hours allowed for precipita- 
tion), followed by washing with water (about pH 5) and drying 
with ethanol and ether (87 to 92% yield). In an alternative 
procedure, a faster forming precipitate was obtained simply by 
diluting the effluent with 10 volumes of water (pH 5); this pre- 
cipitate was collected, washed and dried with ethanol and ether 
(70 to 75% yield). In this latter procedure another 15 to 17% 
yield was recovered from the supernatant of the diluted effluent 
fraction by saturating this supernatant with Na.SO,. 


RESULTS 


If urea is to be used to disrupt hydrogen bonding while allow- 
ing ion exchange to take place, it is clear that urea must not 
interfere with the ion exchange process itself. To test this con- 
dition, the chromatography of pancreatic ribonuclease, a basic 
protein, was carried out under the conditions described by Hirs 
et al. (6) except that the phosphate buffers were made 8 m with 
respect to urea. The chromatographic pattern obtained was 
essentially the same as the pattern observed in the absence of 
urea. 

After it had been established that urea had no disturbing ef- 
fects on ion exchange in the case of a basic protein, the study was 
extended to a model, nonbasic protein, insulin. The chroma- 
tography of insulin was attempted at various pH values with 
buffers which were 0.13 m phosphate and 8 M urea. The relative 
elution volumes of the major component are plotted as a function 
of pH in Fig. 1. The fact that the curve does not exhibit a 
sharp break from a region of no binding to a region of total 
binding shows that ion exchange occurs in a reversible manner 
over a reasonable range of pH, near pH 6. That ion exchange 
is playing a major role in the chromatography under these con- 
ditions (phosphate-urea buffers of pH 6) may be inferred also 
from the sensitivity of the chromatography to ionic strength. 
In 0.17 m phosphate the elution volume of the main peak of 
insulin was much less than the elution volume observed when 
0.13 m phosphate was used (see Fig. 2). 

Although ion exchange appears to play an important role, 
hydrogen bonding seems not to have been eliminated entirely. 
This is evident in Fig. 3, in which it can be seen that as the pH 
of the phosphate-urea buffers was lowered, the various peaks of 
the chromatographic pattern were not only retained longer, but 
the peaks became increasingly spread. Further support for the 
notion that hydrogen bonding is still playing a significant part 
comes from the data represented by Fig. 4 which presents a 
series of chromatograms obtained with the use of 0.13 m phos- 
phate buffers of pH 6.0 in which the concentration of urea was 
varied. It may be observed that lowering the urea concentra- 
tion increased the retention (and spreading) of the protein 
bands. 

Optimal conditions for the chromatography of insulin appear 
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to approximate 0.13 m phosphate-7 m urea at pH 6.0. Under 
these conditions chromatograms show quite satisfactory resolu- 
tion and the insulin was quantitatively eluted (97 to 105% based 
on the color obtained). It is of interest to identify the three 
peaks of the chromatograms, (see for example Fig. 5; Peak 1, 
the peak at the holdup volume; Peak 2, the intermediate peak; 
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Fia. 1. The relative elution volume (in arbitrary units) of the 
main component of insulin in 0.13 m phosphate-8 m urea at var- 
ious pH values. These volumes were measured by chromatog- 
raphy on columns of Amberlite IRC-50, 0.9 * 20 cm or 0.64 X 
30 cm. 
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Fic. 2. The chromatography of crystalline bovine insulin on 
Amberlite IRC-50 at pH 6.0 in 6m urea buffers of different ionic 
strengths. The columns were 0.64 X 28 cm. 
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Fig. 3. The chromatography of crystalline bovine insulin on 
Amberlite IRC-50 eluting with 0.13 m phosphate-7 m urea buffers 
of various pH values. The columns were 0.9 X 20 cm or 0.64 
xX 30 cm. 


Peak 3, the slowly moving main component), especially as 
Harfenist and Craig (8) had demonstrated by countercurrent 
distribution the presence of only two components in significant 
amounts. Harfenist (9) found that the smaller of their two 
peaks (Peak B) differed from the main component (Peak A) 
only in having one less amide residue per molecule. One of the 
samples which they studied was an amorphous sample of porcine 
insulin which contained a large proportion of deamido-insulin 
(Peak B); when this same sample was submitted to chromatog- 
raphy in phosphate-urea buffer, the chromatographic component 
which was seen in especially large proportion was Peak 1 (see 
Fig. 5). This indicated that the fastest moving peak on the chro- 
matogram corresponded at least in part to Peak B of the counter- 
current distribution, and this indication was borne out by Fig. 6 
which presents a chromatogram of material isolated from Peak 
B. Although deamido-insulin chromatographs in the same posi- 
tion as Peak 1, it must be remembered that since this position is 
at the holdup volume, Peak 1 may contain more than deamido- 
insulin. 

After the deamido-insulin in the first peak of the chromato- 
gram was located, the main countercurrent fraction was sub- 
mitted to chromatography with the results given in Fig. 7. Al- 
though the main countercurrent fraction corresponded largely to 
the main chromatographic component (Peak 3), its chromato- 
gram also contained a significant amount of Peak 2. That the 
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Fig. 4. The chromatography of crystalline bovine insulin on 
Amberlite IRC-50 eluting with pH 6.0 buffers which were 0.13 
M phosphate and different urea concentrations. These columns 
were 0.64 X 30 cm. The shape of the curve obtained with 7 m 
urea appears skewed because the column was slightly overloaded 
(100 mg of crystalline insulin were applied). The other columns 
received 5 mg of insulin. 
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Fig. 5. The chromatography of amorphous porcine insulin 
which contains a significant amount of deamido-insulin. The 
column was 0.9 X 20 ecm of Amberlite IRC-50, and the eluting 
buffer was 0.13 m phosphate-7 m urea at pH 6.0. Peak 1 is the 
unretained peak at 11 ml effluent volume; Peak 2 is the inter- 
mediate peak at 17 ml effluent volume; Peak 3 is the major peak 
at 30 ml effluent volume. 


presence of Peak 2 did not arise as the result of a reversible 
equilibrium with the main component was demonstrated by the 
rechromatography of Peak 3? (see Fig. 8). That neither Peak 1 


2 This peak was isolated, and without correction for moisture 
or ash it was found to contain 21 U per mg. The author is grate- 
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Fie. 6. The chromatography of deamido-insulin on a 0.9 X 
20 em column of Amberlite IRC-50, eluting with 0.13 m phos- 
phate-7 M urea at pH 6.0. 
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Fic. 7. The chromatography of the main countercurrent frac- 
tion of insulin on a 0.9 X 20 cm column of Amberlite IRC-50, 
eluting with 0.13 m phosphate-7 M urea at pH 6.0. 


nor Peak 2 arose, one from the other, was shown by their sep- 
arate rechromatography. The results of these experiments are 
given in Fig. 9. It must be concluded then that Peak 2 cor- 
responds to a discreet stable component of these insulin prepara- 
tions. 

Although material corresponding to Peak 2 was originally 
present in crystalline insulin and in fractions isolated from 
countercurrent distribution, it was also possible by incubation of 
the insulin in phosphate-urea buffer at room temperature to 
produce an increase in Peak 2. This phenomenon was dis- 
covered when chromatography was initially performed at room 
temperature. Although the initial chromatography at room tem- 
perature gave a chromatographic pattern which was indis- 
tinguishable from the pattern obtained at 3-5°, rechromatog- 
raphy of material from the main band of these two types of 
chromatograms showed a difference. If the initial experiment 
had been carried out at room temperature, the rechromatography 
showed that a part of the insulin had been transformed to ma- 
terial which gave a peak coinciding with Peak 2. In contrast, 
if the initial experiment had been done at 4°, rechromatography 
of Peak 3 material showed a single peak (see Fig. 8) at the ap- 
propriate elution volume. (For this reason and because the 
buffers are more stable in the cold, all of the other chromatog- 





ful to Dr. Edward Grinnan of Eli Lilly and Company for having 
this assay performed. 
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Fic. 8. The rechromatography of material taken from the 
major peak of a previous chromatogram of bovine insulin. The 
column was 0.9 X 20 cm of Amberlite IRC-50, and the buffer 
was 0.13 m phosphate-7 m urea, pH 6.0. 
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Fig. 9. The rechromatography of material taken from the mi- 
nor peaks of a previous chromatogram of bovine insulin. The 


_ column was 0.9 X 20 cm of Amberlite IRC-50, and the buffer 


was 0.13 m phosphate-7.mM urea, pH 6.0. (a) Material taken from 
the fastest running peak (Peak 1) of a previous chromatogram. 
(b) Material taken from the intermediate peak (Peak 2) of a 
previous chromatogram. 


raphy reported here was carried out at 3-5°.) The production 
of material which chromatographs as Peak 2 by prior incubation 
of Peak 3 material in phosphate-urea buffer suggests that the 
presence of Peak 2 material in crystalline insulin and in the 
countercurrent fractions may be due to subtle transformations 
of the main component during isolation and handling. It is 
pertinent to point out that Carpenter and Hess (10) and Chram- 
bach (11) with the use of partition chromatography have found 
a component of insulin which is an active, transformation prod- 
uct derived from the main fraction of insulin by hydrochloric 
acid treatment. This material has been submitted to ion ex- 
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change chromatography, and the chromatogram showed a peak 
which coincided with Peak 2. The similarity of the acid-trans- 
formed material to the product of phosphate-urea transformation 
is interesting and is extended by the finding that material iso- 
lated from Peak 2 of the ion exchange chromatograms was also 
found to be active.* 

To make certain that Peak 2 was not peculiar to a few prep- 
arations of insulin, chromatograms were obtained with crystal- 
line bovine insulin from different sources; porcine as well as 
bovine insulin was investigated; and chromatograms were pre- 
pared with both crystalline and amorphous hormone. In every 
case Peak 2 was present in significant amount. The only in- 
stances in which chromatograms failed to show Peak 2 were in 
the chromatography of material isolated from Peak 3, as de- 
scribed above, or isolated from the main chromatographic com- 
ponent of Chrambach (11). 


DISCUSSION 


Although the present experiments were not designed as a study 
of insulin itself, it was of interest to discover a third active form 
of the hormone in crystalline preparations. The material in 
Peak 2 was not only present in crystalline insulin, but was seen 
to be a product of the transformation of the main component of 
insulin by urea at room temperature and thus might be related 
to the urea transformation of insulin studied by Bischoff and 
Bakhtiar (12). It is more surprising that the peak corresponding 
to the acid-transformed product of Carpenter and Hess (10) and 
Chrambach (11) coincided on the chromatogram with Peak 2. 
The nature of this component is being studied by Chrambach 
and Carpenter.’ 

A special application of chromatography in buffers containing 
urea is implicit in the fact that insulin is insoluble in aqueous 
solutions in the region of pH 6 unless urea is present. Indeed, 
one impetus for the initiation of this work was the desire to 
chromatograph protein derivatives (13, 14) which were insoluble 
in neutral aqueous solutions, but were soluble if urea was added. 
This type of solubility problem, which also occurs with some 
native proteins, might be solved for the case of chromatography 
by the use of urea-containing buffer. Examples of peptides and 
proteins which have these solubility characteristics are glucagon 
and prolactin which seem capable of satisfactory chromatog- 
raphy (15, 16) in buffer systems similar to the one used for 
insulin. 

In the interests of applying this chromatographic system to 
proteins in general, it was gratifying to find that ion exchange 
chromatography could be accomplished under the conditions 
originally postulated. The protein recovery, the reproducibility, 
the capacity, and the resolving power were entirely satisfactory. 
The resolving power was in fact far superior to expectation. 
The fact that a third active form of insulin was not revealed in 
the chromatographic system of Boardman (4) or in that of 
Samsonov and Faddeeva (17) may be the result of having dif- 
ferent types of insulins as starting materials, but more likely the 
difference between their results and those presented here is due 


3On the basis of blood glucose lowering activity tested by 
injection of different amounts of protein into the same rabbit, 
and comparison with crystalline insulin, this fraction appeared 
fully active. The author is indebted to Miss Leticia Mendiola 
of this University for her gracious performance of these assays. 

‘Dr. Andreas Chrambach and Dr. Frederick Carpenter, per- 
sonal communication. 
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to the different resins used. In the present case the unexpectedly 
high power of resolution probably depends on the combined 
action of ion exchange and hydrogen bonding. There might 
thus be added to the usual power of ion exchange an increased 
power of discrimination among proteins according to their shapes, 
at least to the extent that the molecular shapes determine the 
quality and quantity of hydrogen bonding sites available to the 
resin. Chromatography in urea-containing buffers might then 
be useful in studying intermediate forms of denatured proteins. 
It is obvious, however, that the proteins to which this method 
could be applied must be moderately resistant to complete 
denaturation by urea. 

In adapting this type of chromatography to other proteins, 
several factors are involved. Although the establishment of 
conditions for ion exchange chromatography of proteins is 
usually at least partly empirical, in the work reported here it is 
even more so. This is because the extra factor of urea concen- 
tration is involved. Although increased empiricism is not 
usually desirable, the extra factor does result in a highly desirable 
increased sensitivity. The cost of this increased sensitivity is 
that optimal chromatographic conditions will be established 
only after running a series of chromatograms at various ionic 
strengths, a series at various pH values, and a series at different 
urea concentrations. Although it may generally be predicted 
that all proteins will show increased retention with decreasing 
pH or ionic strength, it may not be safely predicted that all the 
components of a protein mixture will respond to the variation of 
urea concentration in the same way. For example, one com- 
ponent of a protein mixture might be eluted from a column more 
and more rapidly as the urea concentration is increased, up to 
the point at which the protein molecule unfolds, and then be 
eluted progressively (or suddenly) more slowly. Another com- 
ponent of that same protein mixture might not undergo any 
change of molecular folding over the range of urea concentration 
employed and so would show a progressive decrease in elution 
volume as the urea concentration increases. Clearly, the rela- 
tive positions of the two protein peaks and even the order of 
elution of the two proteins might change with changing urea 
concentration. For this reason the adaptation of this type of 
chromatography to previously untried protein mixtures will re- 
quire a rather complete study of the effect of urea in that. par- 
ticular situation. 

The use of buffers containing such high concentrations of urea 
would seem an unlikely way to achieve a completely general 
method of chromatography of proteins. It is is to be hoped, 
however, that this technique will extend the use of resin chroma- 
tography to several other proteins. Furthermore, it may be 
that the disruption of hydrogen bonding by lesser concentrations 
of urea would improve the yields of protein obtained by other 
methods of chromatography since the hydrogen bonding phe- 
nomenon in some degree is a general problem in chromatography. 
If such an application is to be made on a wide scale, it may be 
necessary to discover agents which might be added to the chro- 
matographic buffer system to protect the protein against de- 
naturation. 


SUMMARY 


The chromatography of a nonbasic protein, insulin, on the 
carboxylic ion exchange resin Amberlite IRC-50 has been ac- 
complished by adding urea to the eluting buffer and performing 





Aug 


the e 
6.0) 
bond 
plays 
that 
the ¢ 
sult i 
exch: 

Th 
three 
there 
havi 
insul 
to be 
urea 


Rock 
and 
many 


1.) 


0. 8 


edly 
ined 
ight 
ased 
pes, 
the 
» the 
then 
eins, 
thod 
plete 


eins, 
it of 
iS is 
it is 
\cen- 

not 
rable 
ty is 
shed 
ionic 
rent 
icted 
asing 
1 the 
on of 
com- 
more 
ip to 
n be 
com- 
any 
ation 
ution 
rela- 
er of 
urea 
pe of 
Il re- 
par- 


urea 
neral 
oped, 
‘oma- 
yy be 
itions 
other 
 phe- 
aphy. 
ay be 
chro- 
st de- 


mn. the 
en ac- 
rming 


~— 





August 1960 


the experiments at 3-5°. The 0.13 m phosphate-7 m urea (pH 
6.0) that was used is thought to reduce the multiple hydrogen 
bonding between the insulin and the resin so that ion exchange 
plays a large role in the chromatography. It seems, however, 
that hydrogen bonding also remains as a major factor and that 
the combination of ion exchange and hydrogen bonding may re- 
sult in an increased power of resolution above that of simple ion 
exchange. 

The insulin preparations examined revealed the presence of 
three molecular forms. In addition to the main component, 
there was one minor component whose chromatographic be- 
havior was identical to that of the previously described deamido- 
insulin, and another minor (active) component which appeared 
to be identical to a product of the transformation of insulin by 
urea at room temperature. 


Acknowledgments—These experiments were begun at The 
Rockefeller Institute in the laboratories of Dr. Stanford Moore 
and Dr. William H. Stein, to whom the author is grateful for 
many valuable discussions. 
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Although the existence of the pancreatic hyperglycemic factor 
was postulated by Kimball and Murlin (1) in 1923, it was only 
recently that glucagon was isolated in crystalline form by Staub 
et al. (2). Glucagon was shown to be a basic polypeptide at 
that time. Such a peptide would be expected to yield success- 
fully to chromatography on the carboxylic ion exchange resin 
Amberlite IRC-50, except for the fact that the hormone is in- 
soluble in aqueous buffers in the region of pH 6. Glucagon is 
soluble, however, in this region of pH if urea is present, and may 
thus be used as an example of a special application of chroma- 
tography in urea-containing buffers (3) to peptides and proteins 
with similar solubility characteristics. 

Furthermore, it was of interest to apply chromatography to 
glucagon with the use of a buffer system similar to that used 
for insulin (3) to determine whether or not glucagon could be 
detected in the chromatograms of insulin. 


EXPERIMENTAL PROCEDURE 


The samples of glucagon used were from Lots 258-234B-54-2 
and 258-234B-167-1, generously given by Dr. Edward Grinnan 
and Dr. William W. Bromer of Eli Lilly and Company, Indian- 
apolis, Indiana. Dr. Grinnan also supplied the crystalline bo- 
vine insulin (Lot 693502). 

The resin used was Amberlite IRC-50 (XE-64) screened (wet) 
through 200-mesh wire gauze, or Amberlite IRC-50 (XE-97). 
The resin was prepared and the columns operated as described 
by Hirs et al. (4) except that the columns were run at 3-5° with 
buffers of 0.13 m phosphate-6 m to 8 m urea prepared by the 
method described elsewhere (3). Samples of 1 to 50 mg of 
glucagon were applied to columns 0.64 xX 30 cm, and the buffer 
was allowed to flow through the column by gravity at a rate of 
3 to 5 ml per hour. 

Analysis of effluent fractions was carried out with the tech- 
nique published by Lowry et al. (5). For assay, the glucagon 
was recovered from the eluent buffer by diluting with 10 volumes 
of water, and collecting the precipitate by centrifugation. The 
precipitate was then washed with water and dried with ethanol 
and ether (yield, 75 to 80%). 


RESULTS 


Since insulin had already been chromatographed on Amber- 
lite IRC-50 with 0.13 m phosphate-7 m urea buffer at pH 6.0, 
these were the first conditions tried for glucagon in the hope of 

* Supported by a grant (A-2691) from the United States Pub- 


lic Health Service, National Institute of Arthritis and Meta- 
bolic Diseases. 


determining the position of the latter hormone on the chromato- 
grams of insulin. These conditions were tried in spite of the 
fact that glucagon has a more basic isoelectric point than insulin 
and would therefore be expected, on the basis of simple ion ex- 
change, to be excessively retained under conditions appropriate 
for insulin. Chromatography in 0.13 m phosphate-7 m urea 
gave the results shown in Fig. 1, from which it may be observed 
that the main component of glucagon is eluted at 21 ml. This 
elution volume is slightly less, rather than greater, than the 
elution volume (30 ml) of insulin on the same column. The 
greater retention of insulin might be due to hydrogen bonding 
(in addition to the retention due to ion exchange), an effect 
which would be expected to be less in the case of the smaller 
glucagon molecule. The data given in Table I, however, show 
that retention was increased by lowering the urea concentration 
and so suggest that hydrogen bonding plays a significant role in 
the case of glucagon as well as in the case of insulin. Clearly, 
the order of elution depends not only on net charge, but also on 
such undetermined characteristics as the distribution of charges 
and the molecular shape, and may not be accurately predicted 
for untried proteins. 

The main component shown in Fig. 1 was shown to be active,! 
and the recovery of peptide-protein material (based on the 
yield of color) was quantitative (97%). That the minor peaks 
were not artifacts derived from the main component, either re- 
versibly or irreversibly during chromatography, was demon- 
strated by reapplying to the column eluate taken from the main 
band of a previous chromatogram. The results of such an ex- 
periment are given in Fig. 2 and show a single peak at the ap- 
propriate elution volume. 

The small amount (15 to 20%) of material in addition to the 
main component may well represent products of transformation 
similar to those noted by Staub et al. (2). These workers sub- 
jected crystalline hormone to zone electrophoresis on starch 
and found 10 to 15% of the material in minor peaks. When, 
however, peptide from the main electrophoretic peak was iso- 
lated by crystallization and resubmitted to zone electrophoresis, 
the minor peaks were again present. Staub et al. concluded 
that these minor components were artifacts of the isolation pro- 
cedure. In the rechromatography (Fig. 2) of material from the 
main band of the chromatogram, there was a slight suggestion 


1 This assay was kindly performed by Dr. William W. Bromer 
of Eli Lilly and Company, to whom the author is greatly in- 
debted. With the use of seven cats, this material, without cor- 
rection for moisture and ash, showed 85 to 90% of the activity 
of crystalline glucagon. 
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Fic. 1. The chromatography of glucagon on Amberlite IRC- 
50 in 0.13 m phosphate-7 m urea at pH 6.0. The column was 0.64 
X 30 cm. 


TABLE [ 


Retention volume of glucagon and insulin at different 
concentrations of urea 











Retention volume* 
Urea concentration 
Glucagon Insulin 
ar M ml ml 
8 2 6 
7 13 22 
6 22 32 











* The retention volume used here represents the total elution 
volume minus the holdup volume (8 ml) of the column. Chroma- 
tography was performed using 0.64 X 30 cm columns of Amberlite 
IRC-50 with urea-containing buffers of 0.13 m phosphate at pH 
6.0. 
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Fig. 2. The rechromatography of material from the main peak 
of a previous chromatogram. A 0.64 X 30 cm column of Amber- 
lite IRC-50 was eluted with 0.13 m phosphate-7 m urea, pH 6.0. 
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insulin on Amberlite IRC-50, eluting with 0.13 m phosphate-6 
M urea, pH 6.0. 


that some transformation had occurred. Since it was possible 
that such a transformation was largely avoided by working at 
low temperatures, but might occur at higher temperatures, a 
sample of glucagon was submitted to chromatography after 
prior incubation in the phosphate-urea buffer at room tempera- 
ture for 8 hours. The results obtained (15 to 20% minor com- 
ponents) showed no perceptible increase in the faster moving 
components. These minor components may be artifacts of 
previous isolation steps but are not produced readily by treat- 
ment with phosphate-urea buffers. 

Finally it was of interest to see if this chromatographic system 
could resolve a mixture of glucagon and insulin. A mixture of 
the two hormones yielded the chromatogram shown in Fig. 3. 
Although the separation of the main components of these two 
hormones is not complete, the pattern indicates that such a 
chromatographic system might be adapted to the estimation of 
these hormones in biological tissues, and might find further 
application to their isolation from limited amounts of tissue, 
such as those which might be obtained from laboratory animals. 
Work along these lines is now in progress. 


SUMMARY 


Glucagon has been submitted to chromatography on the ion 
exchange resin Amberlite IRC-50, eluting with a 0.13 m phos- 
phate-urea buffer of pH 6.0. The concentration of urea was 
varied from 6 m to 8 M in different experiments, and the lower 


‘concentration resulted in increased retention of the glucagon. 


As in the work of Staub et al. (2), crystalline glucagon was 
found to be relatively homogeneous, with only 15 to 20% in 
the form of minor components. Even on the short columns 
used it was possible to partially resolve insulin and glucagon. 
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Spectrophotometric titration studies and ultraviolet difference 
spectra are two techniques which have been used in recent years 
for determining what role, if any, the tyrosine residues in a pro- 
tein play in maintaining the secondary and tertiary structure of 
proteins. 

Crammer and Neuberger (2) utilized a spectrophotometric 
procedure to investigate the ionization of phenolic groups in 
ovalbumin and insulin. Similar investigations were carried out 
with plasma albumin (3, 4), ribonuclease (5, 6), and two deriva- 
tives of ribonuclease (7). From these studies it was found that 
some of the tyrosyl residues do not ionize freely and it was sug- 
gested that intramolecular hydrogen bonds between phenolic 
hydrogens and side chain carboxylate groups could exist in pro- 
teins (2). Ultraviolet difference spectra have been used for 
studying the anomalous tyrosyl residues and in the case of insulin 
and ribonuclease results which were interpreted as substantiating 
this hypothesis were obtained (8, 9). Wetlaufer et al. (10) 
working with the model compounds O-methyltyrosine and glycy]- 
O-methyltyrosine showed that other explanations must be con- 
sidered. These authors concluded that the small spectral shifts 
observed when the model compounds were titrated with acid or 
base could be attributed to a change in the state of ionization of 
the molecules. Blumenfeld and Perlmann (11) used this as a 
partial explanation for the spectral shifts observed during the 
autolysis of pepsin. Bigelow and Ottesen (7), with the use of 
two derivatives of ribonuclease, suggested that two of the anom- 
alous tyrosyl residues of ribonuclease might be hydrogen bonded 
to nonionizing acceptors. 

As part of a general program relating to some of the chemical 
and physical properties of the muscle proteins, it was felt that it 
would be of some interest to carry out such studies on myosin 
and two fragments produced by the limited tryptic digestion of 
myosin, L-meromyosin and H-meromyosin (12). These results 
have shown the existence of abnormal tyrosyl] residues in myosin 
and L-meromyosin whereas the tyrosy] residues in H-meromyosin 
appear to be normal. 


EXPERIMENTAL PROCEDURE 


Materials—Myosin from rabbit skeletal muscle was prepared 
according to the method of Szent-Gyérgyi (13). The material 
was precipitated once and then dissolved in 0.6 m KCl. The 
turbid solution was then dialysed for 24 hours at 4° against 4 
liters of a solution containing 0.25 m KCI-0.01 m Tris buffer pH 
7.50. The solution containing myosin was then centrifuged and 


* A preliminary report of this material has been presented pre- 
viously (1). 


the insoluble residue discarded. The slightly turbid solution was 
chromatographed on DEAE-cellulose! according to the procedure 
of Brahms (14). Myosin prepared in this manner gave water- 
clear solutions without the necessity of ultracentrifugation. Re- 
action of the chromatographed material with 1 ,2 ,4-fluorodinitro- 
benzene and subsequent acid hydrolysis indicated that myosin 
prepared in this manner showed a greater homogeneity than a 
sample of myosin which had been precipitated three times and 
in which chromatography had been omitted. Only slight traces 
of dinitrophenyl-amino acids were found in the acid hydrolysate 
of the chromatographed myosin preparation whereas the three- 
times precipitated myosin gave significant amounts of dinitro- 
phenyl-amino acids upon hydrolysis. The protein was stored 
in solution at 4° and was not kept for more than 10 days. Glass- 
distilled water was used in the preparation of all solutions. 

L-meromyosin and H-meromyosin were prepared according 
to the procedure of Lowey and Holtzer (15) except that the 
tryptic digestion was carried out in 0.01 m Tris buffer, pH 7.50. 

Trypsin was obtained as a twice-crystallized, salt-free prep- 
aration from Worthington Biochemical Corporation. Soybean 
trypsin inhibitor was purchased from the same company. Solu- 
tions of trypsin and trypsin inhibitor were always prepared just 
before their use. DEAE-cellulose was a commercial product 
obtained from the California Corporation for Biochemical Re- 
search. Urea and piperidine were purchased from Fisher Sci- 
entific Company, and Tris from Sigma Chemical Company. 

Methods—All of the ultraviolet absorption measurements were 
carried out in a Beckman model DU spectrophotometer equipped 
with a photomultiplier attachment. Measurements were made 
at room temperature, 25 + 2°. The spectrophotometric titra- 
tion studies were made in a solution containing 0.4 m KCI-0.05 
M piperidine buffer adjusted to the desired pH with 1 n NaOH. 
This procedure was essentially that used by Bigelow and Ottesen 
(7). ADogs (the optical density at the pH in question minus 
the optical density at neutral pH) was determined and plotted 
against the pH. 

Ultraviolet difference spectra on tryptic digests of myosin were 
determined by the addition of trypsin to a 0.2% solution of 
myosin in 0.01 m Tris buffer, pH 7.50 at 25°. The myosin to 
trypsin weight ratio was 250:1. In a trial run it was found that 
the buffering strength of 0.01 m Tris was sufficient to keep the 
pH of the solution constant during the reaction. The digestion 
was allowed to proceed for varying lengths of time and then 
stopped by the addition of sufficient trypsin inhibitor in 0.4 M 


1The abbreviation used is: DEAE-cellulose, diethylamino- 
ethyl cellulose (Solka Floc). 
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KCl to 4-ml aliquots of the reaction mixture. The ultraviolet 
difference spectra were then determined by comparing the solu- 
tion in which the reaction had proceeded for varying lengths of 
time against one in which the reaction was terminated imme- 
diately after adding trypsin. 

The low pH experiments on L-meromyosin were carried out 
in 0.15 mM KCl. Difference spectra were determined for samples 
of L-meromyosin at various low pH values by reading the ab- 
sorbancy of the solutions against a neutral solution of equal 
concentration as a reference. The negative difference in optical 
density at the maximum of the difference spectrum (287 my) 
was plotted against pH. 

Difference spectra were measured to follow the depolymeriza- 
tion of L-meromyosin in urea (16). The difference spectra were 
determined by comparing solutions of 0.2% L-meromyosin in a 
0.4 m KCI-0.05 m phosphate buffer, pH 7.00, with urea, to solu- 
tions which were identical except that no urea was present. The 
observed data were corrected for the absorption due to urea. 
The protein solutions in urea were allowed to remain at room 
temperature for 3 hours before measurements were made. 

Protein concentrations were determined by nesslerization (17). 
Nitrogen concentration was calculated by comparison with 
standard solutions of (NH,4)2SO4. The protein was assumed to 
contain 16.1% nitrogen (13). 

pH measurements were made on a Radiometer pH meter 
(Model TTT1) equipped with a glass electrode (G202B). All 
measurements were carried out at 25°. 

Myosin ATPase activity determinations were carried out ac- 
cording to the procedure described by Perry (18). 


RESULTS 


Spectrophotometric Titration of Myosin—The spectrophoto- 
metric titration of myosin from pH 7.5 to pH 13 revealed two 
steps in the titration curve as can be seen in Fig. 1. One group 
of tyrosyl residues (approximately 65% of the total) ionizes 
normally at a pH of 10.5 (19), whereas the second group titrates 
at a pH of 12.2. Upon reaching pH 18, neutralization and 
retitration indicated that a marked irreversible change had 
occurred in the structure of the molecule by exposure to this high 
pH. This change can be interpreted as a rupture of tyrosyl 
hydrogen bonds between the phenolic groups of tyrosine and some 
basic acceptor group in the molecule, e.g. carboxylate residues. 
However, as will be discussed later, some degree of caution must 
be exercised in this interpretation. Other workers have shown 
that exposure of myosin to alkaline pH values results in irreversi- 
ble structural alterations of the molecule. Kominz e¢ al. (20) 


have obtained a protein of molecular weight 29,000 from treat- 


ment of myosin with 0.1 m NasCO3. Tsao (21) observed that 
at pH 10.7 myosin was depolymerized to a large core of 170,000 
molecular weight. 

An interesting feature of Fig. 1 is the effect of urea on the 
spectrophotometric titration curve of myosin. Exposure of the 
protein to 6 M urea, pH 7.50, for 24 hours at room temperature 
had no effect on the titration curve, although the ATPase activity 
under these conditions is completely destroyed. The titration 
curve was almost exactly superimposable upon that in 0.4 m 
KCl. Blumenfeld and Levy (22) found that in the spectro- 
photometric titration of ribonuclease in 8 M urea a shift of 0.7 
unit toward the more alkaline region occurred in the pK(in) of 
the phenolic groups of tyrosine compared to the pK int) of these 
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Fig. 1. Spectrophotometric titration of myosin; ®@——@, 0.1% 
solution of myosin in 0.4 m KCl-0.05 m piperidine buffer adjusted 
to pH 8; X——-x, 0.1% solution of myosin in 6 Mm urea-0.4 m KCl- 
0.05 m piperidine buffer; O——O, 0.1% myosin solution adjusted 
to pH 12.5, neutralized and then titrated in 0.4 m KC1-0.05 m piperi- 
dine buffer. 





groups in water. Such a shift was not encountered in this study. 
Bigelow? has also observed that a shift did not occur in the pK of 
the phenolic groups of tyrosyl residues upon titrating growth 
hormone in urea. At this time no explanation can be given for 
these differences. 

Spectrophotometric Titration of Meromyosins—In Fig. 2 can be 
seen the spectrophotometric titration curve of L-meromyosin. 
It is apparent that approximately 90% of the tyrosyl residues 
titrate at a pH near 12.2. The remaining 10% seem to titrate 
normally. Exposure of L-meromyosin to high pH, neutraliza- 
tion, and retitration results in a normal titration curve, as can 
be seen in Fig. 2. If L-meromyosin is allowed to remain in a 
solution of 5 M urea for 24 hours at room temperature, the spec- 
trophotometric titration curve indicates that all of the abnormal 
tyrosyl residues have been normalized, as shown in Fig. 2. The 
normalization of these tyrosyl residues in 5 M urea may be associ- 
ated with the depolymerization of L-meromyosin into smaller 
subunits under these conditions (16). Whether the effect of 
high pH results in a depolymerization or a change in the asym- 
metry of the molecule is currently under investigation. 

In Fig. 3 the spectrophotometric titration curve of H-mero- 
myosin shows that all of the tyrosyl residues in this molecule 
titrate normally with a pK’ of 10.4. 

Ultraviolet Difference Spectra Studies—When the ultraviolet 
difference spectra of tryptic digests of myosin were studied, only 
a very small change in —ADz,; occurred for the first 20 minutes. 
Between 20 and 40 minutes a large change took place and no 
further change occurred after 60 minutes. These results can be 
seen in Figs. 4. and 5. In Fig. 4 the ultraviolet difference spectra 
can be seen to have three maxima at 279, 287, and 294 my. The 


2 I would like to thank Dr. Charles C. Bigelow for a personal 
communication concerning these results. 
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Fia. 2. Spectrophotometric titration of L-meromyosin; @—— 

@, 0.1% solution of L-meromyosin in 0.4 m KCI-0.05 m piperidine 

buffer adjusted to pH 8; XxX —-X, 0.1% L-meromyosin in 5 M urea- 

0.4 m KCl-0.05 m piperidine buffer. Solution was allowed to stand 

for 24 hours at room temperature before carrying out titration; 

O——O, 0.1% L-meromyosin in 0.4 m KCl1-0.05 m piperidine buffer 
titrated to pH 13, neutralized and then retitrated. 
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Fig. 3. Spectrophotometric titration of 0.1% H-meromyosin in 
0.4 m KCl-0.05 o piperidine buffer adjusted to pH 8. 


first two peaks have been attributed by others as a shift to shorter 
wave lengths of the tyrosine absorption maximum as a result of 
changes in the hydrogen bonding between the tyrosyl hydroxyls 
and neighboring acceptor groups in the protein (8). The peak 
at 294 my has been shown to occur in the difference spectra of 
proteins which contain tryptophan (11). 

Fig. 5 shows the results plotted in a different manner. It 
would seem from these results that during the formation of the 
meromyosins by limited tryptic hydrolysis no change occurs in 
the immediate environment of the chromophoric tryptophanyl 
and tyrosyl residues present in the molecule. When the frag- 
ments produced are disrupted by further tryptic hydrolysis, 
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changes in the immediate environment of these residues take 
place with a resultant shift in the absorption spectrum. Longer 
hydrolysis times produce no further change. These findings are 
in accord with the results of Mihalyi and Harrington (23), who 
have shown that only minor changes in optical rotation take 
place during the formation of the meromyosins by tryptic 
hydrolysis. 

Low pH Titration of L-meromyosin—It was of interest to de- 
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Fic. 4. Difference spectra of tryptic digests of myosin. Di- 
gestion was carried out at pH 7.5 in 0.4 m KClI-0.01 m Tris buffer. 
Ratio of myosin to trypsin by weight was 250:1. The reaction was 
stopped by adding sufficient soybean trypsin inhibitor. Con- 
centration of myosin, 0.2%. 
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Fic. 5. Rate of decrease in the minimum of the difference spec- 
trum (—AD2;). Conditions the same as in Fia. 4. 
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termine whether the addition of acid to solutions of this protein 
gives rise to a difference spectrum since this has been shown to 
occur with other proteins (4, 7-9). When this experiment was 
carried out, a typical three-peaked difference spectrum was ob- 
served and Fig. 6 shows a plot of —ADz; against pH. A steady 
decrease in the absorbancy was observed as the pH was varied 
from 4.7 to 2.3 and the change was irreversible. Changes similar 
to this with other proteins have been taken as an indication of 
the occurrence of hydrogen bonds between the carboxylic groups 
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Fic. 6. Titration curves from difference spectra at low pH; 
in 0.15 m KCI-0.01 m phosphate buffer, pH 6.9. Hatched area in- 
dicates range of insolubility of L-meromyosin. Concentration, 
0.2%. 
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Fic. 7. Depolymerization of L-meromyosin in urea determined 
by differential spectra in 0.4 m KCI-0.05 m phosphate buffer pH 
7.0. Concentration of L-meromyosin, 0.2%. See ‘Experimental 
Procedures” for details. 
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of the dicarboxylic acid residues in the protein and the phenolic 
groups of the tyrosyl] residues (8, 9). 

Although not shown in Fig. 6, myosin also gives rise to a dif- 
ference spectrum when titrated to low pH. The effect of acid 
on myosin seem to be irreversible and the ATPase activity is 
rapidly lost.’ 

Depolymerization of L-meromyosin in Urea—Since the preced- 
ing results had indicated that the tyrosyl residues of L-meromyo- 
sin were anomalous for some reason, perhaps due to hydrogen 
bonding of the phenolic hydrogens to some, as yet, unidentifiable 
acceptor groups, it was of interest to examine the effect of urea 
in producing a difference spectrum. The results are shown in 
Fig. 7. It can be seen that urea has little effect up to 2.5 M. 
Between 2.5 m and 5.0 m urea a difference spectrum is produced 
with an increase in —ADzg. These results are very similar to 
those obtained by Szent-Gyérgyi and Borbiro (16) on the changes 
in viscosity produced by varying the urea concentration. 


DISCUSSION 


The results presented here indicate that approximately 35% 
of the tyrosyl residues of myosin and 90% of those present in 
L-meromyosin are so situated in these proteins as to be acces- 
sible to titration with base only when a high pH (above 12) is 
reached. These facts suggest the existence of intramolecular 
hydrogen bonds between the phenolic residues of tyrosine and 
some acceptor group in the molecule. However, as pointed out 
by Williams and Foster (4) extreme caution must be exercised 
in accepting the hypothesis that the phenolic residues of tyrosine 
are hydrogen bonded at all. Other workers have suggested as 
an alternative explanation that the aromatic chromophores take 
part in hydrophobic bonding and that upon breaking such bonds 
these chromophores are exposed to the aqueous environment 
(4, 6, 26-28). 

Since the chemical and physical properties of myosin seem to 
be an additive function of the properties of the meromyosins 
(12) it seems likely to assume that the abnormal tyrosyl residues 
of myosin are associated with the L-meromyosin fragment. In 
addition, the fact that 6 m urea is not effective in normalizing 
the abnormal tyrosyl residues in myosin whereas 5 m urea does 
effect a normalization of these residues in L-meromyosin, would 
seem to imply that the L-meromyosin fragment is shielded from 
urea depolymerization in the native molecule. The use of higher 
urea concentrations than those used in this study may be neces- 
sary for normalizing the abnormal tyrosyl residues of myosin. 
Wetlaufer (29) has shown that in 8 M urea myosin forms three 
fragments which differ in sedimentation constant. Cohen and 


- Szent-Gyérgyi (30) have demonstrated a 5-fold increase in 


optical rotation in 9.5 M urea. 

In conclusion it must be emphasized that the spectral changes 
observed in this study with both myosin and L-meromyosin may 
simply provide an index of certain other structural rearrange- 
ments that are occurring, and the role of the tyrosyl residues in 


3 Holtzer and Lowey (24) have shown that at pH 2.9, myosin 
aggregates extensively and shows polydispersity in the ultracen- 
trifuge. It is possible, therefore, that the spectral changes at the 
low pH value indicate that the pH-sensitive tyrosyl residues are 
intermolecularly hydrogen bonded and are a reflection of aggrega- 
tion. Bonds of this type might well be important in stabilizing 
molecular aggregates as suggested by Laskowski et al. (25). Gen- 
eral light scattering from large molecular aggregates may also con- 
tribute to the changes in ADos;, as suggested by these authors. 
Further data would be necessary to decide the contribution of each 
of these factors in the present investigation. 
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stabilizing the native configuration may be only a relatively minor 
one. Indeed, it has been found that the ATPase activity of 
myosin is rapidly lost upon exposure of this molecule to pH 10.30 
at 0° whereas full activity is retained when myosin is exposed to 
pH 10.15.4 The fact that the ATPase activity of myosin is irre- 
versibly lost at a pH value less than that necessary for ionization 
of the anomalous tyrosyl] residues would suggest that these resi- 
dues do not play a significant role in stabilizing the configuration 
necessary for enzymatic activity. Further evidence comes from 
a study of the effect of urea on the ATPase activity of myosin.‘ 
Enzymatic activity is lost rapidly in concentrations of urea even 
as low as 3 M, whereas the anomalous tyrosyl! residues have not 
been normalized in 6 M urea. 


SUMMARY 


Spectrophotometric titration and ultraviolet difference spectra 
studies have provided evidence for the involvement of the tyrosyl 
and tryptophany! residues of myosin and L-meromyosin in hy- 
drogen or hydrophobic bonds. No bonding of this type could be 
found for the H-meromyosin fragment. The abnormal tyrosyl 
residues of myosin do not become normalized in the presence of 
6 M urea, whereas those in L-meromyosin are normalized in 5 M 
urea. 

Digestion of myosin with trypsin produces a difference spec- 
trum only after the digestion has proceeded for a time sufficinet 
to produce the meromyosins. 

The possible importance of these abnormal tyrosyl residues in 
maintaining the configuration necessary for enzymatic activity 
is discussed. 


Acknowledgments—The author is grateful to Dr. C. C. Bigelow 
for much helpful discussion concerning the techniques of spec- 
trophotometric titrations and ultraviolet difference spectra. 
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The homologous proteins from the egg whites of different 
avian species offer excellent opportunities for the study of the 
comparative and genetic biochemistry of proteins. Comparative 
studies of avian egg whites have utilized electrophoretic (1-4), 
} immunological (5, 6), and specific biochemical (7, 8) analyses. 
These studies have all shown significant, and in some instances 
large, differences between the whites from eggs of different avian 
species. The principal and more extensive studies, however, 
have relied on electrophoretic examinations of the whites (1-3). 
Although these have supplied distinctive patterns which have 
been valuable in considering genetic aspects, in many cases they 
! are difficult to interpret in terms of the recognized constituents 
of chicken egg white. 

The present study was initiated for the purpose of obtain- 
ing more specific biochemical and chemical information on the 
constituents of the egg whites of a variety of avian species. 
The specific biochemical and chemical analyses which have been 
developed for chicken egg white (9, 10) have been employed. 
These analyses provide information on the presence and rela- 
tive amounts of the biological activities and chemical groups 
as found in chicken egg white. They thus give information 
which is not provided by electrophoretic analyses. In addition, 
certain of the whites have been fractionated and the purified 
constituents have been partially characterized. Data have been 
obtained on the following constituents: ovalbumin, conalbumin, 
ovomucoid, lysozyme, flavoprotein-apoprotein, sulfhydryl groups, 
and sialic acid. Important differences have been found 
for all constituents. The ovomucoids (inhibitors of proteolytic 
enzymes) were found to exhibit complex differences, varying 
both quantitatively and qualitatively in their activities, and 
have been recently described elsewhere (11). 


EXPERIMENTAL PROCEDURE 


Procurement of Eggs—The eggs of the chicken, duck, turkey, 
and guinea fowl were obtained from the University poultry 
farm, and those of the pigeon and goose were obtained from 
other local sources. Eggs of all other birds were obtained at 
the San Diego Zoo, San Diego, California. All eggs were re- 
frigerated within 24 hours after being laid. The eggs were usu- 


* Published with the approval of the Director as Paper No. 
1019, Journal Series, Nebraska Agricultural Experiment Station. 

These studies were supported in part by grants from the United 
States Public Health Service No. E-916 and A-2421-A and a fellow- 
ship from the San Diego Zoological Society. The material pre- 
sented herein was taken in part from theses to be submitted to the 
Graduate College of the University of Nebraska by Parviz R. 
Azari and John 8. Anderson. 
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ally separated within 2 days of refrigeration, and the whites 
were blended and stored in the frozen state until used. With 
only a few exceptions, the eggs procured from the San Diego 
Zoo were examined and the whites frozen by one of the au- 
thors working at the zoo, and the frozen samples were shipped 
to Lincoln. In addition, determinations of conalbumin, lyso- 
zyme, and sialic acid were made on representative samples of 
different whites at the zoo before freezing. 

Analyses—Specific chemical and biochemical methods of anal- 
ysis for the components of chicken egg white as routinely used 
in this laboratory (10) were employed for analyses of the other 
egg whites. These include the following methods: sulfhydryls 
by the spectrophotometric method of Boyer (12); flavoprotein- 
apoprotein by the residual and total riboflavin-binding capacity 
(13); conalbumin by the chromogenic capacity with iron (14); 
lysozyme by the lytic activity against Micrococcus lysodeikticus 
employing an automatic recorder (10); avidin by its biotin- 
binding capacity in the yeast growth assay (15); and sialic acid 
by the assay of Warren (16) and Feeney et al. (17). The re- 
spective purified chicken egg white proteins were used as stand- 
ards in the methods above. The percentages of each protein 
in the individual whites in this paper, therefore, indicate the 
amounts based on the properties of chicken egg white proteins 
rather than absolute amounts. Crystalline sialic acid prepared 
from Escherichia coli! was used for the standard of sialic acid. 
Bound sialic acid, as it occurs in the egg whites, was liberated 
by heating with dilute acid or incubating with the enzyme 
neuraminidase (18). 

Fractionation of Egg Whites and Physical Analyses—Fraction- 
ations of the various egg whites on CM-cellulose? and DEAE- 
cellulose (19) were performed essentially as described for chicken 
egg white (10, 11). Further details are given below. 

A Beckman model DU and a Bausch and Lomb Spectronic- 
20 spectrophotometer were used for spectrophotometric work. 
Sedimentation analyses were performed with a Spinco model 
E ultracentrifuge. Paper electrophoretic analyses were per- 
formed with a horizontal strip apparatus. Free boundary elec- 
trophoretic analyses were performed with an American Instru- 
ment Company, Ine. portable electrophoresis apparatus. 

The indices of egg whites and egg yolks were determined 
as previously described (20). 


1 The sialic acid used in this study for a standard was a sample 
of N-acetylneuraminic acid prepared from Escherichia coli and 
was kindly supplied by Dr. Saul Roseman and Dr. D. G. Comb of 
the University of Michigan. 

2 The abbreviations used are: CM-cellulose, carboxymethy] cel- 
lulose; DEAE-cellulose, diethylaminoethy] cellulose. 
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Avian species Analyses of whites 
Egg 
Order weight Fl = de 
Common name Scientific name aaike Lysozyme® eee ; Pre oa — 
g mg/ml % % %o \pmoles/g| % 
Rheiformes Rhea Rhea americana 600 110 2.0 3 | 0.4 20 1.5 
Caswinformes Cassowary, double wattled | Caswarius aruensis 650 110 0.5 10 | 0.6 18 2.3 
Emu Dromiceius n. novae-hollandiae | 6004 | 103 0.05 | 10 | 0.9 14 3.7 
Anseriformes Duck Anas platyrhynchos 60 132 1.2 2 | 0.3 25 0.11 
Goose Anser anser 150? | 133 0.6 4 | 0.3 36 0.12 
Galliformes Chicken Gallus domesticus 60 125 3.4 i V@.7 37 0.29 
Red jungle fowl Gallus gallus 35 115 4.2 11 _ 0.31 
Arizona scaled quail Callipepla s. pallida 11 115 2.8 6 — 36¢ | 0.18 
California valley quail Lophortyz californica | 9 | 108 3.0 5 _ 42¢ | 0.20 
Texas bobwhite quail Colinus v. texanus bw 136 1.9 6 | 0.7 36° | 0.31 
Harlequin quail Coturniz delegorguei | 8 111 3.1 15 -— 33 0.22 
Philippine button quail Coturniz c. lineata 4 117 4.3 16 ~~ —_ - 
Golden pheasant Chrysolophus pictus 30 104 2.6 13 — _ 0.42 
Lady amherst Chrysolophus amhersitiae 30 108 1.9 16 | 0.6 27 0.37 
Reeves’ pheasant Syrmaticus reevesi 30 128 1.4 11 | 0.4 24 0.32 
Gray’s francolin Pternistes leucoscepus 30 129 1.4 10 _ 49¢ | 0.22 
Erckel’s francolin Francolinus erckeli — 128 2.2 12 ~ — 0.27 
Helmeted guinea fowl Numida meleagris 40 134 2.2 9 | 0.48] 34 0.38 
Banded plover Zonifer tricolor — 107 0.05 3 10.1 — 0.78 
Green Java pea fowl Pavo muticus 110 126 2.8 9 | 0.4 42¢ _ 
Indian blue pea fowl Pavo cristatus/ 100 105 2.3 10 | 0.6 — 0.62¢ 
Turkey Meleagres gallopavo | 807 | 124 3.1 1l | 0.4 33 0.97 
Columbiformes | Galapagos dove Nesopelia galapagoensis =. | 125 0.1 9 aa 24 0.62 
Pigeon | 18 | 101 0.1 9]; — — | 1.8 
Psittaciformes Masked lovebird Agapornis personata | — | 126 <0.02 |} — —_ — 0.19 

















¢ Figures are averages of two or more determinations on whites of several eggs (usually several pooled whites from 2 or more eggs) 
unless otherwise indicated. 


» Figures are calculated on basis of proteins from chicken white as standards. 

¢ Flavoprotein calculated on basis of total flavoprotein and apoprotein content (13). 
4 Egg weights not determined. These figures are estimates. 
¢ Single determinations. 


/ Pavo cristatus was probably the correct name for this pea fowl. The exact origin of the flock, however, was questionable. 


RESULTS 


General Physical Characteristics—Table I contains a general 


summary of the quantitative data obtained on eggs from 25 
different species or varieties. Eggs varied in weight from less 
than 10 g to over 600 g and the whites in content of dry matter 
from 105 mg per ml to 136 mg per ml. In addition to the 
large variation in size, the eggs also varied in shape and color. 
General descriptions of these external physical characteristics 
are available from many sources (21). 

Despite the large differences in external physical character- 
istics, however, the physical structures of the internal contents 
of the eggs were quite similar. The color of the egg whites 
varied from clear or slightly chalky to light yellow, as usually 
found in chicken egg white. As will be discussed below, this 
difference in color is apparently related to the content of ribo- 
flavin. All eggs had thick and thin egg whites which existed 
in proportions that were similar to those found in fresh chicken 


eggs, t.e. 50 to 60% thick egg white and 40 to 50% thin egg 
white. Chalazae existed in all egg whites, although their ap- 
parent sizes and opacities varied considerably. For example, 
the chalaza in the large cassowary egg was nearly transparent 
and sometimes difficult to observe and could have been clas- 
sified as merely a slightly more dense and thicker portion of 
the thick egg white. Other empirical physical characteristics, 
such as the yolk and white indices, were in general very simi- 
lar. For example, the yolk and white indices of several cas- 
sowary eggs were 0.35 and 0.11, respectively. Average yolk 
and white indices of a series of chicken eggs were 0.44 and 
0.07, respectively. (These indices are the numerical ratios of 


the heights to the widths when the broken-out egg is placed 
on a flat surface (20).) 

General Chemical Fractionations—The fractionations of egg 
whites of several avian species including the duck, turkey, goose, 
red jungle fowl, California valley quail, Texas bobwhite quail, 
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golden pheasant, cassowary, emu, rhea, francolin, and painted 
quail were performed employing CM-cellulose and DEAE-cel- 
lulose. Elutions of the proteins from the exchangers were per- 
formed employing stepwise changes in pH which had been es- 
tablished to give a separation of chicken egg white into its 
major constituents (10). It was possible to select intervals of 
pH which were sufficiently broad to allow for small differences 
in the isoelectric points of the homologous proteins of the dif- 
ferent whites. Initially, the intervals of pH for elution of the 
proteins from CM-cellulose were at pH 4.3, 5.0, 7.0, 9, 0, and 
9.0 plus 1 M NaCl. Separations were obtained in all instances, 
and the respective fractions contained the following proteins 
as indicated by specific chemical or biochemical assays: unad- 
sorbed at pH 4.3, ovomucoid and flavoproteins; from pH 4.3 
to 5.0, ovalbumin; from 5.0 to 7.0, conalbumin; from pH 7.0 
to 9.0, avidin and unidentified proteins; and from pH 9.0 to 
9.0 plus NaCl, lysozyme. These fractions included varying 
amounts of unidentified proteins depending upon the particular 
fraction and the species.? In most instances further fraction- 
ation with smaller intervals of pH (including essentially zero 
gradient or starting-buffer development in some cases) for elu- 
tion from CM-cellulose or with use of DEAE-cellulose was nec- 
essary to obtain proteins which were homogeneous by paper 
electrophoretic analyses. These were performed at pH 6.9 with 
0.1 ['/2 potassium phosphate buffer for 16 hours at 8 milli- 
amperes. In some cases, however, homogeneous proteins were 
not difficult to obtain. Several of the ovomucoids appeared 
homogeneous (11), and the lysozymes of the turkey and the 
duck were easily crystallized and were found homogeneous. 

The corresponding proteins from the various whites are, of 
course, not eluted under exactly the same conditions as those 
from chicken white. Variation in the elution pH values from 
CM-cellulose for some of the isolated ovomucoids from various 
whites has been reported (11). Even here, variation of the 
several ovomucoid components in a given species may be greater 
than from species to species. Slight differences have also been 
noted in the optimal pH for elution of ovalbumin of the various 
species from CM-cellulose. However, preliminary observations 
would indicate that the major proteins of all the whites were 
eluted from CM-cellulose within approximately 0.2 to 0.4 pH 
unit of the pH values at which the corresponding proteins from 
chicken egg white are eluted. 

Lysozymes—Lysozyme activities varied from amounts which 
were essentially undetectable in the Psittaciforme egg white to 
as high as 4.2% in the red jungle fowl egg white. These large 
differences in lysozyme activity were not correlated with any 
other characteristics with the possible exception of the amount 
of turbidity occurring on dilutions of the egg white with water. 
Egg whites containing smaller amounts of lysozyme generally 
gave lower turbidities when diluted with 5 volumes of water 
or dilute buffer as previously reported in comparisons of chicken 
and duck whites (20). 

The lysozymes of turkey and duck white were isolated by 
the use of CM-cellulose and further purified by crystallization. 


’ Patterns similar to electrophoretic patterns are obtainable 
with gradient elution schemes. This method is adaptable so that 
patterns of a large number of egg whites may be obtained with 
little prior information concerning the composition of these 
whites. Dr. C. G. Sibley of Cornell University has extended his 
recent electrophoretic studies of egg whites (3) to include gradient 


elution schemes to provide other comparative patterns of egg 
whites. 
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Their properties were compared with chicken lysozyme. All 
three formed crystals which were in the form of needles and 
were grossly similar. Specific enzymatic activities were the same 
within the limits of the error of the enzyme assay as performed 
in two assays (+10%). The isoelectric points were all >pH 
9.0 as determined by paper electrophoretic studies, and only 
single peaks were observed in each case. Ultracentrifugal ex- 
aminations also gave similar homogeneous patterns for the three 
lysozymes. 820 values for 1% solutions of chicken, turkey, and 
duck lysozyme were 1.9, 1.7, and 1.8 respectively. The deter- 
minations were at 52,640 r.p.m. for 128 minutes in 0.1 I'/2 
phosphate buffer at pH 6.9. 

Conalbumin—The concentration of conalbumin in the various 
whites did not show the relatively large differences found for 
lysozyme activity. However, the absolute differences were much 
greater for conalbumin than for lysozyme. In no cases were 
any eggs encountered which contained obvious amounts of the 
iron complex of conalbumin as judged by the absence of any 
obvious amounts of a salmon-pink color. 

Limited studies indicated that the conalbumins from the dif- 
ferent species had very similar structures and properties. One 
series of experiments performed directly on the whites showed 
that the absorption spectra of the iron complexes were essen- 
tially the same for the following whites: chicken, red jungle 
fowl, turkey, cassowary, emu, Reeves’ pheasant, Gray’s fran- 
colin, Erkel’s francolin, and pea fowl. These were determined 
from 430 my to 510 my at intervals of 10 mu. More detailed 
studies were made with conalbumins of the cassowary, golden 
pheasant, and turkey. Purified preparations of these were found 
to have chromogenic capacities with iron within 80 to 100% 
of that of crystalline chicken conalbumin and to be homoge- 
neous by free boundary electrophoresis. The isoelectric points 
were in the same general range as that of chicken conalbumin 
but slight differences in mobilities were found. Fig. 1 presents 
patterns obtained for chicken conalbumin and mixtures con- 
taining 1% chicken conalbumin and 0.5% cassowary, turkey, 
or golden pheasant conalbumin at pH 4.7. The cassowary conal- 
bumin migrated slightly faster and the turkey and golden pheas- 
ant conalbumins migrated slightly slower than the chicken conal- 
bumin. In a single ultracentrifugal determination in which 
chicken and cassowary conalbumins were compared, similar ho- 
mogeneous patterns were obtained. These were performed with 
1% solutions in a buffer of 0.05 m NaCl and 0.05 m glycine 
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Fic. 1. Free boundary electrophoretic patterns of several avian 
conalbumins. The ascending patterns of chicken conalbum (1%) 
and mixtures of chicken conalbumin (1%) with the conalbumins of 
the other species (0.5%) are given. The buffer was 0.1 m sodium 
acetate at pH 4.7 andthe determinations were for 150 min at 7 
milliamperes. 
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at pH 8.5 and at 52,640 r.p.m. for 48 minutes. Calculated 
829 values were 4.8 and 5.3 for the chicken and cassowary re- 
spectively. Cassowary conalbumin was also found to give prac- 
tically identical results to chicken conalbumin in experiments 
comparing the relative resistances of the iron complex and the 
iron-free protein to hydrolysis by chymotrypsin and to thermal 
denaturation (14). The iron complex of cassowary conalbumin 
was also more stable than the iron-free protein to these two 
treatments. 

Flavoprotein-apoprotein—The contents of flavoprotein and apo- 
protein varied not only as to total amounts of flavoprotein- 
apoprotein present but also as to the percentages existing as 
flavoprotein. The percentage of total flavoprotein-apoprotein 
varied from a low of 0.14% for the banded plover to a high 
of 0.9% for the emu, whereas the relative amounts of the total 
existing as flavoprotein varied from a low of 14% for the emu 
to a high of 48% for the guinea fowl. The flavoproteins were 
all nonfluorescent. In all cases the titrations with riboflavin 
to fluorescence gave sharp end points as previously reported 
with chicken flavoprotein (13). The visually observed yellow 
color of the whites was approximately proportional to the amount 
of riboflavin. 

Sulfhydryls and Ovalbumins—The concentration of titratable 
sulfhydryl groups in the egg whites varied considerably as shown 
in Table I. Emu egg white contained only 14 wmoles per g 
of dried egg white whereas the California valley quail contained 
42 umoles per g. The probable numbers of titratable sulfhydryl 
groups per mole of the ovalbumins were calculated from the 
data in Table I. These were made with the assumptions that 
the different egg whites contained amounts of ovalbumin simi- 
lar to chicken egg white (55%), that the different ovalbumins 
have molecular weights similar to chicken ovalbumin (46,000 
g), and that the different ovalbumins contribute essentially all 
the titratable sulfhydryls in the different whites as is the case 


TABLE II 
Properties of ovalbumins 











re eafonte of Migration of 
Species on paper 
From egg From isolated — 
whites® fractions 

No./mole No./mole cm 
Chicken 3.1 3.1 4.5 
Turkey 2.8 2.4 4.0 
Guinea 2.4 3.1 4.5 
Duck | 1.9 5.0 
Goose 3.0 2.5 5.0 
Rhea Ld a7 5.5 
Cassowary 1.3 1.5 4.5 
Francolin 3.9 3.2 4.5 
Painted quail 2.0 1.9 5.0 
California valley quail 3.6 2.8 4.5 
Golden pheasant 2.4 2.6 3.0 
Texas bobwhite 3.0 2.7 5.5 














* These were calculated from titrations directly on the egg 
whites assuming 55% ovalbumin and a molecular weight for each 
ovalbumin of 46,000 g. 

> These were calculated assuming a molecular weight of 46,000 g. 

¢ Figures given are the average distance moved from the origin 
in cm by the fastest moving ovalbumin component. Analyses 
were run for 16 hrs at 8 ma using potassium phosphate buffer, 
0.1 1/2, pH 6.9. The homogeneities are discussed in the text. 
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with chicken ovalbumin (8). Results of these calculations are 
shown in Table II and are compared with the calculated num- 
ber of sulfhydryl groups for the partially purified ovalbuming, 
In general, the number of sulfhydryl groups calculated from 
data on the egg white and isolated ovalbumins appeared to 
agree. Small differences could easily be due to the variation 
in the amounts of ovalbumins in the whites, variability in de- 
termination of sulfhydryl groups by the method employed, small 
impurities in the isolated ovalbumins, and the presence of un- 
identified proteins in the whites which contribute to the sulf- 
hydryl content. In chicken white, for example, a small amount 
of a protein was isolated with an apparent isoelectric pH of 5.1 
to 5.3 and a sulfhydryl content of approximately 66 umoles per 
g. The possible presence of this uncharacterized protein in the 
egg whites of other species has not been investigated. 

Table II also gives the average distance moved by the fastest 
moving component of each partially purified ovalbumin during 
paper electrophoretic analyses. These analyses were run for 
16 hours at 8 milliamperes with potassium phosphate buffer, 
pH 6.9, 0.1 ['/2. Certain of the ovalbumins appeared to move 
slightly further than chicken ovalbumin such as the duck, goose, 
and rhea. On the other hand, the golden pheasant ovalbumin 
moved very slowly compared to the other ovalbumins. In ad- 
dition to differences in migration on paper, the ovalbumins dif- 
fered as to how well the components, those probably correspond- 
ing to chicken ovalbumin A,, As, and A3, separated from each 
other. By visual inspection of the patterns, only the ovalbu- 
min of the Texas bobwhite gave three distinct peaks. Most 
of the other patterns showed two distinct peaks with the ex- 
ception of those for duck and goose ovalbumins which tended 
to smear together. These observations would appear to be in 
general agreement with those of Bain and Deutsch (1) and 
Sibley (3) who presented patterns obtained on the unfraction- 
ated whites and with those of Landsteiner et al. (4). 

Ultracentrifugal comparisons of the ovalbumins of the chicken, 
turkey, and duck were made with 1% solutions in 0.1 I'/2 
potassium phosphate buffer at pH 6.9. The speed of the rotor 
was 52,640 and the time was 94 minutes. All three ovalbu- 
mins gave similar homogeneous patterns. The calculated 8 
values were 2.8, 3.0, and 3.0 for the ovalbumins of chicken, 
duck, and turkey, respectively. 

Sialic Acid—Sialic acid appeared to be bound in all the whites. 
Only low or insignificant amounts of sialic acid were found with- 
out preliminary hydrolysis by acid or by enzyme. The rapid 
rate of release of sialic acid from all the whites by neuramini- 
dase might indicate a similar linkage of the sialic acid to the 
proteins in the various whites. In addition, the individual si- 
alic acids prepared by enzymatic hydrolysis from the whites 
of chicken, emu, cassowary, turkey, goose, and guinea fowls 
had identical Ry values when chromatographed on paper in 
butanol-acetic acid-water (4:1:5) and in propanol-butanol-wa- 
ter (1:2:1). 

In chicken egg white, approximately one-half of the sialic 
acid occurs associated with the ovomucin fraction (17). An 
approximately one-fourth greater content of sialic acid in the 
thick white compared to the thin white correlates with the 
distribution of ovomucin between these two structures. This 
difference in the content of sialic acid between the thick and 
thin white was not found in the cassowary or rhea whites which 
were high in sialic acid. 

Avidin—The biotin-combining activity of the whites of the 
chicken, turkey, duck, and goose have been examined. On the 
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basis of a content of 0.05% of avidin in chicken white (10), 
turkey, duck, and goose egg whites contained 0.15, 0.02, and 
0.005%, respectively. 

DISCUSSION 

Studies on the proteins of different species provide informa- 
tion useful to the taxonomist and geneticist and also to the 
protein chemist who may be able to relate differences in struc- 
ture to differences in properties. Several workers have sug- 
gested the value of comparative compositional studies on egg 
whites. McCabe and Deutsch (2) made the following specula- 
tion from their electrophoretic studies: “It seems possible that 
the physiochemical character of an egg retains more of its in- 
cipient phylogeny than the more superficial aspects of the bird’s 
adult morphology.” Sibley and Johnsgard (22, 23) have reached 
essentially similar conclusions. Anfinsen (24) has suggested that 
proteins with important functional properties might be expected 
to undergo fewer structural changes during the evolutionary 
process. Although no definite functions have yet been found 
for the egg white proteins, they possess unique antimicrobial 
and antienzymatic activities. 

It is hoped that the present study has supplied information 
which will prove valuable to the geneticist. The comparatively 
large differences in the contents of lysozyme and sialic acid 
(>30-fold in several instances) demonstrate the interrelation- 
ships that may be encountered. These two substances alone 
could provide the basis for an exhaustive study. They both 
can be rapidly determined in egg white by relatively simple 
methods (10, 16, 17). Differences in the amounts of the in- 
dividual egg white proteins have been found to exist between 
different strains of chickens. These differences, however, have 
been small compared to the differences found between species. 
For example, Wilcox and Cole (25) found only an approximately 
25% difference in the lysozyme contents of “high and low lyso- 
zyme”’ strains of chickens. 

Of possibly even greater general importance would be the 
comparisons of the fundamental structures of the homologous 
proteins from the different whites. Studies of the comparative 
properties and structures of homologous proteins from the dif- 
ferent whites should also prove an important tool in under- 
standing the relationship of structure to the properties and 
functional activities of the proteins. This general area has re- 
cently been receiving considerable attention in studies on ribo- 
nuclease, hemoglobin, and several of the proteins or peptides 
with hormonal activity (24). The recent discovery that the 
ovomucoids vary quantitatively and qualitatively in their ac- 
tivities suggests the possible value of this approach (11). In 
like manner, the results of this and a previous (8) study have 
indicated that ovalbumins with different numbers of sulfhydryl 
groups occur. It would be hoped that detailed comparative 
studies on the conalbumins and lysozymes would reveal struc- 
tural differences that could be interpreted in terms valuable 
to the understanding of observed differences in properties. Ly- 
sozyme should receive particular attention because of its com- 
parative ease of preparation and its enzymatic activity. A con- 
certed attack on this problem, however, should probably await 
the discovery of a more satisfactory noncellular or synthetic 
substrate. 

A study should be made of the roles of sialic acid in the 
properties of proteins from an egg white high in sialic acid such 
as that of the emu (17). The presence of large amounts of 
sialic acid in some of the proteins from emu white might offer 
a particularly good area for studying the relationship of struc- 
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ture to properties because of the facility with which it can 
be specifically removed enzymatically from the proteins. 


SUMMARY 


The egg whites of 25 different avian species or varieties were 
examined by specific biochemical and chemical analyses, by chro- 
matographic separations of the constituent proteins, and by ex- 
aminations of the properties of several of the purified proteins. 
The constituents studied included sulfhydryl groups, sialic acid, 
lysozyme, apoprotein-flavoprotein, conalbumin, and ovalbumin. 

Large differences were found in the amounts of various of 
these substances in the whites from the different birds. In the 
cases of lysozyme and sialic acid, differences as great as 30- 
fold were found. Differences in the properties of several of the 
purified proteins were also found. 

The significances and values of the results from the stand- 
points of comparative and genetic biochemistry were discussed. 
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Several carbamates which are also tertiary or quaternary am- 
monium ions, for example, physostigmine and neostigmine, are 
very potent inhibitors of acetylcholinesterase. These compounds 
have generally been regarded as reversible competitive inhibitors. 
It has, however, been noted by Augustinsson and Nachmansohn 
(1) that greater inhibition is obtained if the inhibitor is added to 
the enzyme before the substrate than if inhibitor and substrate 
are added at the same time. In either case, as time progresses 
an intermediate “equilibrium” value is approached. The slow 
development of inhibition and slow recovery is similar to the 
behavior of alkylphosphates. In the light of our rather thorough 
knowledge of the behavior of aklylphosphates, the possibility 
arises that these carbamates are not reversible inhibitors but in 
fact carbamylate the enzyme just as the alkylphosphates phos- 
phorylate the enzyme. This suggestion was first made by 
Myers and Kemp (2, 3) who referred to the observation that 
serum cholinesterase actually hydrolyzes physostigmine at a 
measurable rate and supported this contention by demonstrating 
that dimethylcarbamyl fluoride inhibited cholinesterase and 
other hydrolytic enzymes as well. It appeared to us that it 
would be interesting to study this question in greater quantitative 
detail and to see if this appealing proposal could be proved by 
showing that an enzyme, once inhibited and then greatly diluted, 
would recover activity more rapidly in hydroxylamine solution 
than in water (4). This did in fact prove to be the case. It is 
further necessary that the same carbamyl enzymes be derived 
from certain different inhibitors, such as the dimethyl carbamyl 
enzymes which we would envisage to be derived from dimethy]- 
carbamy] fluoride and also from dimethylcarbamy] choline; 


oO O 
(CH,) N—G_F, (CH,).N—C—0 C:H,N(CHs)s* 


Enzyme inhibited by these inhibitors must recover in water and 
also in hydroxylamine solution at the same rate if our premise is 
correct (5, 6). This was again found to be the case. 

It will also be strong support for the general idea of carbamyla- 
tion, if a substance such as dimethylcarbamyl choline, which 
cannot be regarded as a carbamylating agent but which satisfies 
the specificity pattern of the enzyme, should yield a carbamyl 
enzyme. We have already implied the affirmative answer to 
this question in the discussion above. The following carbamates 
were studied: carbamyl] choline, dimethylcarbamyl choline, di- 
methylearbamy] fluoride, diethylearbamyl choline, diethylcar- 
bamy] fluoride, and dimethylcarbamy] thiocholine. 


* This work was supported in part by the Division of Research 
Grants and Fellowships of the National Institutes of Health, 
Grant No. B-573 C11; and by the National Science Foundation, 
Grant No. G-4331. 


Where appropriate, we have studied the rate of carbamylation 
and the rate of reaction of the carbamyl enzyme derivatives with 
water and with hydroxylamine and we have also investigated the 
effect of a reversible competitive inhibitor on these processes. 


EXPERIMENTAL PROCEDURE 


Enzyme activity was measured by the decrease in acetylcholine 
concentration in 1 minute as determined by the hydroxamic acid 
method of Hestrin (7). The medium was 1 ml of 0.003 m acetyl- 
choline bromide, 0.1 m NaCl, 0.02 m MgCl», 0.020 m phosphate 
(Na) pH 7.0, 25.0°. Enzyme of appropriate dilution in the same 
buffer was added to the 1 ml of substrate solution and after 1 
minute the reaction was stopped by the rapid addition of 2 ml 
of highly alkaline hydroxylamine. After 1 minute hydrochloric 
acid and FeCl; were added to develop color. Without inhibition 
about 1.4 wmoles were hydrolyzed. When inhibition has oc- 
curred, there is, of course, less hydrolysis but the relative enzyme 
activity is given only approximately by the relative amounts of 
hydrolysis. This is mainly because choline, which is a product 
of hydrolysis, is a reversible competitive inhibitor. 

It is necessary, therefore, to correct the apparent activities, 
The method is straightforward and simple and in our case leads 
to small but significant changes. 

The rates of recovery or reactivation were measured by adding 
inhibitor to a concentrated enzyme solution. After a suitable 
time, the solution was diluted 100-fold and assayed at progressive 
times. The assay period of 1 minute is not negligible for the 
early times, but this error was essentially eliminated by adding 
0.5 minute to the recovery time. For recovery in hydroxyla- 
mine, which is faster, 0.4 and 0.25 minutes were added for 0.5 u 
and 1.0 m solutions. These considerations were especially im- 
portant only for carbamyl choline, where the reactions occur 10 
times more rapidly than with the other inhibitors. 

The rates of carbamylation were followed by incubating in- 
hibitor and enzyme for various times before samples were with- 
drawn and assayed. After dilution into the substrate solution, 
carbamylation ceases and recovery corresponding to about 0.5 
minute occurs. This recovery was small except for carbamyl 
choline, where it was quite large (18%) but could be taken into 
account. 

The methods are quite satisfactory for the reactions of the di- 
methyl carbamates and are reasonably accurate for the recovery 
of the enzyme inhibited by carbamy] choline, but the results of 
the carbamylation with carbamyl choline should be considered 
only approximate. The enzyme was purified from electric tissue 
of Electrophorus electricus by Lawler (8). It had an activity of 
1.9 mmoles per min per mg protein when assayed as described 
above. Dimethylearbamy!] fluoride and diethylearbamy] fluo- 
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rides were gifts from Dr. G. Schrader. Carbamyl choline bro- 
mide was a commercial product which was recrystallized from 
ethanol. Dimethylearbamyl choline iodide, dimethylcarbamy] 
thiocholine iodide, and diethylcarbamyl choline iodide were 
prepared by treating the carbamyl chlorides (commercial prod- 
ucts) with dimethylaminoethanol or dimethylaminoethyl mer- 
captan in benzene with 10% excess of triethylamine. After 3 
hours at room temperature, triethylamine hydrochloride was 
filtered off and the benzene solution refluxed for 1 hour to ‘‘com- 
plete” the reaction. The benzene solution was washed ex- 
tensively with water, dried, and the benzene distilled off. The 


| tertiary derivatives were obtained as yellow oils in yields of 65 
| to 80% and were quaternized without further purification by 


reaction with methyl iodide in acetone solution at room tem- 
perature for several hours. The precipitates were recrystallized 
from isopropanol. Dimethylcarbamyl choline iodide, m.p. 207— 
208°, eq. wt. by iodide titration (Volhard) 300, calculated 302. 
Dimethylcarbamy] thiocholine iodide m.p. 214-215°, eq. wt. by 
iodide titration 312, calculated 318. Diethylcarbamyl choline 
iodide m.p. 141-142°, eq. wt. by iodide titration 329, calculated 
330. 

This method has been previously used for the preparation of a 
number of dialkyl carbamates of choline and thiocholine (9, 10) 
but the dimethyl and diethyl derivatives do not seem to have 
been previously prepared by this method. The choline deriva- 
tives were prepared previously by a different method (10a). 


RESULTS AND DISCUSSION 


The time course of the carbamylation reaction and of the 
recovery reaction was followed with three inhibitors. A priori 
one anticipates the simple formal scheme 


ks ky 


. (A) 





E+I=- EI >E 


where E is the active enzyme, E’ the carbamyl or inactive en- 
zyme, and E-J is a reversible complex between the enzyme and 
inhibitor. 

The scheme indicates that a steady state will be approached in 
which the rate of carbamylation of the enzyme will equal the 
rate of hydrolysis of the carbamyl enzyme. These steady states 
were found to persist for at least 1 day. The scheme is the same 
as for the reaction of the enzyme with a substrate, but its applica- 
tion is slightly different. First of all, since ks is small, Z-I, E, and 
I can be taken to be in equilibrium; and secondly, the sum of Z 
and E-I is measured during the assay with acetylcholine, be- 
cause the incubation mixture of enzyme and inhibitor is diluted 
extensively before assay. Since the specific rate of hydrolysis of 
I is very low, (J) remains sensibly constant during the inhibition 
period. 

The equations to be solved are 


se = ky(B-D) — RAE?) 


(E) X (1) 
(E-I) 
(E°) = (E’) + (E) + (E-T) = (E+) + (8) 


where (E°) is the total enzyme and & is the amount of enzyme 
which is measured as a function of time. These equations have 


the solution 
Kr Kr 
Cie ie ACs bah 


= Ky, 


|S 
(E°) (E°) ks 
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For large values of t, a steady state is approached where 


@).-2(+4) 
[8-SO]--b/e+8) +) 


In any one experiment ks/[1 + (K,/I)] and ky can be evaluated 
and if steady state values (&/E’),, are measured at several in- 
hibitor concentrations, K; and ks may in favorable circumstances 
be separated. 

In all our cases, however, K;, is larger than the concentrations 
of I for which accurate determination of enzyme activity can 
be made so that only an approximate value of K; can be esti- 
mated. The detail indicated in Equation A is therefore not 
necessary, and can be replaced by the simpler scheme: 


ke 
ks 


therefore 


ks kg 


E+I—— EF ——E 


In the solutions k3/[1 + k;/I)] is approximated by k;I/K;, for 
I< K,. This is equivalent to setting k3’ = ks/K;. The values 
of k, obtained from the rate of carbamylation should be the same 
as those found directly by measuring the time course of recovery 
following the dilution of a mixture of enzyme and inhibitor. The 
scheme here is simply 


ene 


yielding 


E' 
be Seve oll 
"Fe . 


Since dimethylcarbamy! choline and dimethylcarbamy] fluoride 
are anticipated to yield the same dimethylearbamyl enzyme, the 
recovery rates (k,) should be the same. 
If the inhibited enzyme is diluted into a solution of hydroxyla- 
mine we have 
(E’) 


In (B®) = —(ky a ks NH:OH)t 


The recovery rates for dimethylcarbamy] choline and dimethyl- 
carbamyl fluoride should also be the same in hydroxylamine 
solution. 

In Fig. 1 we show some typical recovery curves. It is evident 
that the inhibited enzymes derived from dimethylcarbamyl 
choline and from dimethylcarbamy] fluoride recover at the same 
rate in water, and are reactivated by hydroxylamine at the same 
rate. We may therefore infer that the same dimethylcarbamyl 
enzyme is formed in both instances. Dimethylcarbamyl choline 
can hardly be considered a carbamylating agent. Its activity in 
carbamylating the enzyme must be attributed to enhanced re- 
activity resulting from interaction with the anionic site. The 
group which is carbamylated must be the same group that is 
acetylated when the enzyme reacts with its substrate, acetyl- 
choline. This conclusion is further substantiated by our ob- 
servation that the formation of the dimethylearbamyl enzyme 
from dimethylearbamyl] choline (10-* m) is completely inhibited 
by the simple reversible inhibitor phenyltrimethyl ammonium 
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eo % 
i 1 1 1 1 1 j 
) 10 20 30 40 50 60 
MINUTES 
Fic. 1. Recovery curves, 25°, pH 7.0; 0.1 m NaCl, 0.02 m MgCl. 
0.02 m phosphate (Na). @, enzyme inhibited by dimethylcar- 
bamyl fluoride; recovery in buffer. O, enzyme inhibited by 
dimethylearbamyl choline; recovery in buffer. , enzyme in- 
hibited by dimethylearbamy] fluoride; recovery in 1 m NH,OH + 
buffer. ©, enzyme inhibited by dimethylecarbamyl choline; re- 
covery inl mNH,OH + buffer. X, enzyme inhibited by carbamy] 
choline; recovery in buffer. A, enzyme inhibited by carbamyl] 
choline; recovery in 1 M NH,OH + buffer. The 5-minute time 
scale is for carbamy] choline. 





ion (10-* m, K; = 4 X 10-5 om). Interestingly enough, in the 
presence of this reversible inhibitor, dimethylearbamyl fluoride 
still carbamylated the enzyme (and even faster and to a greater 
extent than in the absence of the inhibitor). This seeming con- 
tradiction is easily explained by the very small size of the fluorine 
atom which enables both substances to be simultaneously bound 
to the enzyme. We have here, again, an illustration of the essen- 
tial functional independence of the anionic and esteratic sites. 
A similar situation occurred in the hydrolysis of thiolacetic acid 
(11). Diisopropy] fluorophosphate, which is of course very much 
larger than dimethylcarbamy] fluoride, was completely prevented 
from inhibiting (phosphorylating) the enzyme by phenyltri- 
methyl ammonium ion. The faster rate of inhibition produced 
by dimethylcarbamy] fluoride in the presence of the reversible 
inhibitor suggested that the recovery reaction with water was 
being somewhat impeded by the binding of the inhibitor to the 
carbamylenzyme. This deduction was tested directly and found 
to be correct. The rate of recovery is decreased (about 4) in 
phenyltrimethyl ammonium iodide solution. The different ef- 
fects of the inhibitor on carbamylation and recovery are quite 
consistent when one considers that a water molecule is much 
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larger than a fluorine atom. The reactivation by NH.OH is also 
impeded by phenyltrimethyl ammonium ion. 

Carbamyl choline reacts much more rapidly with acetylcho- 
linesterase than does dimethylcarbamy] choline; also, the result- 
ing carbamy] enzyme reacts with water and with hydroxylamine 
much more rapidly than does the dimethylcarbamyl enzyme 
(Fig. 2). However, ks/k, is about 6 times smaller for carbamy] 
choline than for dimethylearbamy] choline and about the same 
as for dimethylecarbamy] fluoride (Table I). 

Diethylcarbamy] fluoride is at least 100 times poorer as an 
irreversible inhibitor than the dimethyl compound; concentra- 
tions of about 10-* m produced no significant inhibition in a few 
hours. Similarily, diethylearbamyl choline proved to be an ex- 
tremely poor irreversible inhibitor and no irreversible inhibition 
was produced in several hours by concentrations as high as 0.1 
M. We have then the sequence 

O O O 
| | | 


—CNH: > —C—N(CH;). > —C—N(C.H;)- 


in increasing rate of inhibition. This sequence is in agreement 
with the observation that increasing the size of the acyl group 
diminishes the rate of hydrolysis of choline esters by this enzyme 
(12). This sequence is also in the direction of the ease with which 
these groups are subject to nucleophilic attack in general. The 
relative k, values (Table I) for dimethylearbamyl choline and 
carbamyl choline are not very different from what one would 














1 L l 1 Ll 1 J 
2 10 15 20 25 30 
MINUTES 
Fic. 2. Rate of carbamylation of acetylcholinesterase by di- 
methylcarbamyl choline, O, 1 X 10-4 mM; dimethylcarbamy] fluo- 
ride, @, 2.5 X 10-5 mM; and carbamy] choline, 0, 2 X 107° M. 
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TABLE I 
Kinetic data for inhibition and recovery of acetylcholinesterase with three irreversible inhibitors which produce 
labile carbamyl enzyme derivatives 
Compound bs fom recovery [4am iahibiion! gy Bf = be frm snay tate ty 4, ie recover | y+; be acorerr 
Dimethyl carbamy] fluoride 0.030 0.035 2.4 X 108 
0.030 0.038 2.6 X 108 6.9 X 104 + 0.3 (12) 0.048 0.069 
0.032 
0.034 
(1 m NaCl) 
Dimethylearbamy] choline 0.032 0.032 4.2 X 10? 1.2 K 104+ 0.1 (4) 0.049 0.069 
0.033 
Carbamyl] choline 0.41 0.39 3 X 104 7.9 X 104 + 0.5 (6) 0.91 
* These values were calculated from measurements which were made in a concentration range which was well below Ky. For di- 


methylearbamate K; ~ 2 X 10-* and for carbamyl] choline K; > 10~. 


measurements, + is the average deviation. 


expect for the comparative rates of hydrolysis of dimethyl carbam- 
ates and simple carbamates; there is no indication of enzyme 
specificity here. The comparative ks’ values, however, do indi- 
cate enzyme specificity. 

The amount of inhibition that is ultimately attained for a 
given concentration of inhibitor depends upon the ratio k,/ks’. 
Clearly, if ks were large no significant inhibition could be ob- 
tained with reasonable concentrations of inhibitor. 

The acetyl enzyme which is formed during normal ester hy- 
drolysis reacts about 4 times faster with water than with 1 m 
hydroxylamine (20% of the substrate is converted to hydroxamic 
acid and 80% is hydrolyzed). The carbamyl enzymes studied 
here (dimethylearbamyl enzyme and carbamyl enzyme) react 
about equally with water and 1 m hydroxylamine, but the phos- 
phoryl enzymes produced by organo phosphorus inhibitors react 
at least 100 times more rapidly with 1 m hydroxylamine than 
they do with water. 

The order of lability of the enzyme derivatives is 


0 Oo Oo : OR 
| 


| 


—C—CH; > —C—NH: > —C—N(CH;); > —P 





OR 


Pyridine 2-aldoxime methiodide (2 PAM), which is an excellent 
reactivator of dialkyl phosphoryl acetylcholinesterase (13, 14), 
was not found to increase the rate of recovery of the dimethy!- 
carbamyl enzyme (whether obtained from dimethylcarbamy] 
fluoride or from dimethylearbamy] choline), even in concentra- 
tions as high as 10-* . 

Since diethylphosphorylthiocholine is an extremely active ir- 
reversible inhibitor of acetylcholinesterase and overwhelmingly 
better than the corresponding choline compound (15), it appeared 
that dimethylearbamylthiocholine might be a very active irre- 
versible inhibitor. This compound, however, proved to be about 
10 times poorer than dimethylcarbamy] choline. This finding 
is also in contrast to the behavior of the acetates; acetylthio- 
choline is quite as good a substrate as acetylcholine. 


Yiim 


The numbers in parentheses indicate the number of different 


The units of k, are min and of k;’ are liter mole min=!. 


SUMMARY 


It is shown that dimethylcarbamyl choline and dimethylecar- 
bamyl] fluoride react with acetylcholinesterase to produce di- 
methylcarbamyl enzymes. The dimethylcarbamyl enzymes de- 
rived from the different inhibitors regain activity in water at 
the same rate and are reactivated by hydroxylamine, again at 
the same rate. Carbamylcholine also yields a carbamyl enzyme 
which is reactivated by hydroxylamine. Kinetic data are given 
for the inhibition and reactivation reactions. These inhibitors 
react with acetylcholinesterase in a manner similar to the reac- 
tion of substrates and alkylphosphates. 
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The isotope studies of Strassman et al. (3, 4) first implicated 
a-acetolactate and a-aceto-a-hydroxybutyrate as biosynthetic 
precursors of valine and isoleucine, respectively. The observed 
accumulation of acetolactate by Escherichia coli (5, 6) and of the 
decarboxylation products of acetolactate and acetohydroxybuty- 
rate by Neurospora crassa (7) when mutants of these organisms 
are grown with limiting amounts of valine and isoleucine is con- 
sistent with this role. More recently, the direct conversion of 
acetolactate to a-ketoisovaleric acid in crude extracts of yeast 
(8, 9) and to valine in cell-free extracts of N. crassa (1) has been 
demonstrated. 

The formation of acetolactate from pyruvate in biological sys- 
tems was first postulated by Krampitz (10) and has subsequently 
been demonstrated in crude cell-free extracts of Aerobacter aero- 
genes (11, 12), in E. coli (5, 6, 9, 13), and (contrary to earlier 
reports) in yeast (9). In contrast, the formation of a-aceto-a- 
hydroxybutyrate by cell-free enzymes has not been demon- 
strated. We report here formation of the latter product by cell- 
free preparations from N. crassa, together with a comparison of 
the properties of the partially purified, acetolactate-forming 
enzymes from E. coli and N. crassa. A preliminary account of 
some of this work has appeared elsewhere (2). 


EXPERIMENTAL PROCEDURE 


Methods—Acetoin was purified from the commercial product 
by the method of Berl and Bueding (14) for use as a standard, 
and determined essentially as described by Westerfeld (15). 
Pyruvate was determined by the method of Friedemann and 
Haugen (16). Quantitative recoveries were obtained in the pres- 
ence of both acetoin and acetaldehyde. Carbon dioxide was 
measured manometrically in a Warburg apparatus. Acetalde- 
hyde was determined by the method of Barker and Summerson 
(17). 

a-Acetolactic acid was synthesized according to Krampitz (10). 
a-Aceto-a-hydroxybutyrate was prepared by this same general 
procedure, but ethyl] iodide was used to prepare the intermediate 
ethyl a-acetobutyrate (b.p. 50-60° at 5 mm). From 190 g of 
the latter product, 40 g of pure ethyl a-acetoxy-a-acetobutyrate 
(yield, 15%; b.p. 87-88° at 5 mm) were obtained. It was redis- 
tilled once for analysis. 


* Supported in part by a grant (E-1575) from the United States 
Public Health Service. For Paper I of this series, see (1). 

t Present address, Department of Biochemistry, Indian Insti- 
tute of Science, Bangalore, India. Reprint requests should be 
addressed to Dr. E. E. Snell. 


CyoHi¢05 (216.2) 
Calculated: C 55.54, H 7.46 
Found: C 55.65, H 7.47 


Sodium a-aceto-a-hydroxybutyrate was obtained by hydrolysis 
of the acetoxy ester with two equivalents of NaOH and lyophili- 
zation. The resulting mixture of this compound and sodium 
acetate was used without further purification. a-Acetolactate 
and a-aceto-a-hydroxybutyrate were assayed in the Warburg 
apparatus by determining the amount of CO, liberated on treat- 
ment with acid. a-Acetolactate was also determined by estima- 
tion of the acetoin formed after decarboxylation in acid. 

Assay of Acetoin- and Acetolactate-forming Enzymes—Except 
where otherwise stated, the standard assay mixture consisted of 
enzyme, sodium pyruvate (0.5 mmole), Mn++ (0.5 umole), thia- 
mine pyrophosphate (20 wg), and potassium phosphate buffer 
(100 umoles) of appropriate pH in a total volume of 1.0 ml. The 
mixtures were incubated for 1 hour at 37°. With preparations 
from N. crassa, the reaction was stopped by the addition of 0.1 
ml of 2.5 nN NaOH and acetoin was determined in an aliquot. 
Acetolactate loses CO2 spontaneously in acid; for its determina- 
tion a separate aliquot was acidified with sulfuric acid, heated at 
60° for 15 minutes, cooled, and the total acetoin determined after 
neutralization of the acid. The amount of acetolactate was 
calculated by difference. With preparations from E. coli the 
reaction was stopped by the addition of 0.1 ml of 50% trichloro- 
acetic acid, the mixture was heated as before, and acetoin was 
determined in an aliquot. In agreement with other reports (6, 
11) we find no detectable acetolactate decarboxylase in E. coli 
under our assay conditions; hence, the total acetoin found after 
acidification and heating corresponded to the amount of aceto- 
lactate formed. The enzyme activity is usually expressed as 
pmoles of acetoin or acetolactate formed per mg of protein per 
hour. Protein was determined by the method of Lowry et al. 
(lla). 

Preparation of Cell-free Extracts—N. crassa 16117! was grown 
on the medium of Vogel (18) supplemented with pt-valine (4 
mmoles per liter) and pt-isoleucine (1.5 mmoles per liter). The 
cultures were shaken for 60 hours at 37°, then the mycelia were 
harvested by filtration through cheese cloth, washed with dis- 
tilled water, and dried between folds of filter paper. The pads 
were ground under liquid nitrogen in a mortar and then homog- 
enized in a TenBroeck apparatus with about twice the amount of 
distilled water or of 0.1 m phosphate buffer, pH 7.0. The result- 


1 An isoleucineless-valineless mutant of N. crassa. 
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ing thick slurry was centrifuged for 30 minutes at 18,000 x g 
and the supernatant solution was separated carefully by means 
of a syringe from the uppermost fatty layer. These aqueous or 
buffer extracts were the source of the various enzyme prepara- 
tions from N. crassa studied in this and a subsequent paper (19). 

E. coli K-12 was grown either on the casein digest medium (20) 
or on the minimal salts-glucose medium of Davis and Mingioli 
(20) and harvested after shaking for 15 hours at 37°. The cells 
were washed once, then suspended in 0.1 m phosphate buffer 
pH 7.5 (4 g of wet packed cells per 20 ml of buffer), and treated 
for 20 minutes in a 10-kc Raytheon magnetostriction apparatus. 
The suspension was centrifuged for 30 minutes at 18,000 x g. 
The soluble extract was fractionated as described later. 

Fractionation of Acetolactate-forming Enzyme from N. crassa— 
To 100 ml of the crude water extract (2000 mg of protein) of 
ground mycelium from a 60-hour culture of N. crassa 16117 were 
added 8.0 ml of 0.05 m AICl;. The pH fell to about 5.5. After 
5 minutes, the heavy precipitate containing the enzyme was 
collected by centrifugation and suspended in 35 ml of 0.1 m Tris 
buffer pH 8.5, and solid ammonium sulfate was added to 50% 
saturation.2 After 30 minutes, the mixture was centrifuged. 
The enzymatically active precipitate was suspended in 25 ml of 
0.1 m phosphate buffer pH 7.5, again centrifuged to remove the 
insoluble residue, and the supernatant solution then was frac- 
tionated further with ammonium sulfate. The precipitate 
obtained between 20 and 30% saturation contained the aceto- 
lactate-forming enzyme together with some acetolactate decar- 
boxylase. The fraction was reprecipitated two to three times 
with ammonium sulfate at 30% saturation, dissolving the pre- 
cipitate each time in 20 ml of 0.1 m phosphate buffer pH 7.0. 
The initial crude extract formed 0.045 umole of acetolactate and 
0.6 umole of acetoin per mg of protein per hour. The final prep- 
aration formed 0.77 pmole of acetolactate per mg of protein per 
hour and essentially no acetoin. The procedure thus effects 
little purification of the acetolactate-forming system,’ but re- 
moves completely the acetolactate decarboxylase. When crude 
buffer extracts, rather than water extracts, of the mycelium were 
subjected to this same procedure, a 16- to 20-fold purification 
was achieved but the preparation was not free of the decarboxy]- 
ase. 

The decarboxylase-free enzyme of N. crassa showed a single 
broad pH optimum for acetolactate formation between 6.0 and 
7.0 (Fig. 1). Crude extracts of the mycelium showed a similar 
pH optimum for formation of acetolactate plus acetoin, and this 
did not vary significantly with variation in the amount of valine 
added to the growth medium from which the mycelium was 
harvested (Fig. 1). 

Fractionation of Acetolactate-forming Enzymes from E. coli— 
Like A. aerogenes (6, 12), but unlike N. crassa, E. coli shows two 
pH optima for the formation of acetolactate. Crude buffer ex- 
tracts from cells grown on the minimal medium show high activ- 
ity both at pH 8.0 and at pH 6.0. The activity at pH 8.0 was 
destroyed by adjusting the extract to pH 5.1 and keeping it at 
0-5° for 3 to 5 minutes before the assay; the activity at pH 6.0 
was unaffected by this treatment (Fig. 2). Attempts to purify 


2 The per cent saturations of (NH,)2SO, are calculated from a 
standard table (21) and are not corrected for temperature. The 
fractionations were carried out at 0-5°. 

*It is assumed that all of the acetoin formed arises by decar- 
boxylation of acetolactate, since there is evidence for an alternate 
route for acetoin formation in this organism. 
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Fie. 1. Acetolactate- and acetoin-forming activity of crude 
(Curves 1 to 4) and purified (P) extracts of N. crassa as a function 
of pH. Curve P, acetolactate formation (right ordinate) by 2.4 
mg of the decarboxylase-free enzyme from N. crassa 16117 in 1.5 
ml of assay mixture. Curves 1 to 4, specific activities (left or- 
dinate) for acetoin plus acetolactate formation, under standard 
conditions, by mycelial extracts from cultures grown as follows: 
Curves 1, wild type (Em 5256) on minimal salts-glucose medium; 
2, as in Curve 1 with added pu-valine (470 mg per liter) and pL- 
isoleucine (200 mg per liter); 3, isoleucineless-valineless mutant 
16117 on minimal medium plus pt-valine (15 mg per liter) and 
pL-isoleucine (5 mg per liter); 4, as in Curve 3 but with increased 
levels (30 and 10 mg per liter, respectively) of pt-valine and pL- 
isoleucine. 
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Fig. 2. The effect of pH on acetolactate formation by extracts 
of E.coli. Curves 1, crude extract; 2, crude extract held at pH 5.1 
and 0-5° for 5 minutes; 8, fraction of crude extract insoluble be- 
tween 10 and 50% saturation with ammonium sulfate; 4, same as 
Curve 3 but held at pH 5.1 for 5 minutes. The increase in specific 
activity of preparations at pH 6.0 after treatment at pH 5.1 is due 
to precipitation of inert protein; no increase in total units at pH 
6.0 occurs. 


the pH 8.0 enzyme by treatment with alumina or calcium phos- 
phate gels, by absorption and elution from diethylaminoethyl- 
cellulose columns, or by ethanol fractionation resulted in almost 
complete destruction of activity. Reasonable recoveries of ac- 
tivity with a small degree of purification were obtained by col- 
lecting the fraction soluble in 10 but insoluble in 50% saturated 
ammonium sulfate. This same fraction also contained the pH 
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TaBLeE [ 


Variation of acetolactate formation by crude extracts of E. coli with 
pH and cultural conditions of original cells 





Acetolactate formed umoles 
per mg of protein per hour 


Strain of EZ. coli Medium 








pH 6.0 pH 8.0 
K-12 Casein digest 0.445 0.21 
Minimal 0.43 1.35 
K-12, mutant 413* | Casein digest 0.39 0.32 
Minimal + valine 0.17 0.66 

and isoleucine 














* An isoleucineless-valineless mutant supplied by Dr. E. A. 
Adelberg and lacking the ability to convert a,6-dihydroxyiso- 
valerate to a-ketoisovalerate. The minimal medium for this 
mutant was supplemented with 30 mg each of valine and isoleucine 
per liter. 


TABLE II 
Fractionation of pH 6.0 enzyme from E. coli 




















Fraction Volume Protein ar oo 
mt me/mt | rove (he 
B Crude entract? 0.5 ises canis 20 25.5 0.33 
2. Ammonium sulfate fractions 
i IIIs cakets S05 WGA Aa 10 4.4 0.52 
OES. Shee lS 5k UG 5 4.9 0.63 
ES cos ee ose des sees 10 7.3 1.01 
* From cells grown in a casein-digest medium. 
TaBLeE III 
Effect of metal ions on acetolactate-forming enzymes of N. crassa 
and E. coli 





Metal ion added /Acetolactate formed| Metal ion added |Acetolactate formed 





A. Enzyme from N. crassa* 























5X 10-*M pmoles 5X 10-*u pmoles 
None 0.25 Cot+ 0.92 
Mn*+ 1.90 Znt+ 0.34 
Cat+ 1.35 Nit+ 0.31 
Mgtt 1.25 Fet+ 0.17 
Fet++ 1.05 Cd*+ 0.16 
B. pH 6.0 enzyme from E£. colit 
Undialyzed Dialyzed 
None | = o.91 None 0.52 
Mn** 1.21 Mn*+ 0.71 
Mg*t 1.16 Mg** 0.71 





* A preparation (2.4 mg of protein per ml of assay mixture) 
free of acetolactate decarboxylase (see text) was used under 
standard assay conditions but with Mn** omitted. 

{ The preparation used was Fraction 2c, Table II. Either 1.46 
mg of undialyzed protein, or 1.07 mg of dialyzed protein was 
used per assay. Dialysis was against 0.01 m sodium ethylene- 
diaminetetraacetate for 24 hours. 


Biosynthesis of Valine and Isoleucine. II 


6.0 enzyme (Fig. 2). Narrower range fractionation resulted in 
substantial loss of the enzyme. 

Preparations of the pH 6.0 enzyme free of the pH 8.0 enzyme 
were readily obtained either by inactivation of the latter enzyme 
by treatment at pH 5.1, or by fractionation of extracts from cells 
grown in the casein digest medium. As originally noted by Um- 
barger and Brown (6), cells grown under the latter conditions 
contain reduced amounts of the pH 8.0 enzyme (Table I). Al- 
though the pH 6.0 enzyme was stable to fractionation with 
ammonium sulfate, only a modest increase in activity was ob- 
tained (Table II). 


Properties of Acetolactate-forming Enzymes from 
N. crassa and E. coli 


1. Metal Ion Requirements—Several divalent metal ions re- 
stored activity of the purified N. crassa enzyme to varying de- 
grees (Table III). At low concentration Mn++ was by far the 
most active, but it inhibited at higher concentrations. At higher 
concentrations activity with added Mg++ equaled that obtained 
with Mn*+ (Fig. 3). 

The pH 6.0 enzyme from £. coli was activated only slightly 
by Mgt* or Mn++ (Table III). The pH 8.0 enzyme, in con- 
trast, was well resolved with respect to metals (Fig. 4). Like 
the enzyme from Neurospora, this enzyme is activated by both 
Mn** and Mgt*. Unlike the Neurospora enzyme, it is only 
slightly more sensitive to Mn*+ than to Mg*+, and high concen- 
trations of Mn*+ are not inhibitory. 

2. Thiamine Pyrophosphate Requirements—None of the three 
acetolactate-forming enzymes showed activity in the absence of 
thiamine pyrophosphate. For the enzyme from N. crassa, half- 
maximal activity was obtained at a cofactor concentration of 3 x 
10-¢ m. 

3. Substrate Specificity and Kn Values—a. Pyruvate Only— 
Acetolactate formation by crude extracts of N. crassa could be 
detected only at relatively high (>0.02 m) concentrations of 
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Fic. 3. Effect of Mn** and Mg** on the formation of a-acetolac- 
tate by the enzyme from N. crassa. The insert shows the effects 
in a separate experiment of lower concentrations of Mn++. Stand- 
ard assay conditions (2.24 mg of protein per ml of assay mixture) 
but with concentration of metal ions varied. 
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pyruvate. At lower concentrations only acetoin was formed. 
High pyruvate concentrations were at first assumed to suppress 
activity of acetolactate decarboxylase. However, preparations 
free of the decarboxylase showed this same high requirement for 
pyruvate, the K,, being 4.6 X 10-*m. Both the pH 6.0 and the 
pH 8.0 enzyme from E. coli show similarly high K,, values of 
4.15 X 10-* m and 2.24 x 10-* M, respectively. The relation of 
substrate concentration to activity of the pH 8.0 enzyme from 
E. coli is shown in Fig. 5; similar data, not shown, were obtained 
for the other two enzymes. A similarly high requirement for 
pyruvate has been reported for the acetolactate-forming enzymes 
of A. aerogenes (12). 

b. Pyruvate Plus Acetaldehyde—In the presence of equimolar 
(0.01 m) amounts of pyruvate and acetaldehyde, preparations 
from N. crassa free of acetolactate decarboxylase formed only 
acetoin. When the concentration of pyruvate was increased and 
that of acetaldehyde was held at 0.01 m, both acetoin and aceto- 
lactate were formed. The formation of acetolactate is competi- 
tive with that of acetoin, as shown in Fig. 6. In the presence of 
5 X 10-* m pyruvate, the K,, value for acetaldehyde for acetoin 
formation was determined to be 5.8 X 10-* m; the value of K; 
as measured by inhibition of acetolactate formation was 2.0 x 
10-* M. 

ce. Acetaldehyde Only—Acetaldehyde alone can serve as a sub- 
strate in the synthesis of acetoin by extracts of wheat germ (22), 
of pig heart (23, 24), and of filariae (14). In extracts of N. 
crassa and of E. coli, no free acetaldehyde could be detected even 
when pyruvate was added, and no detectable amounts of acetoin 
were formed when acetaldehyde alone was supplied as substrate. 

d. Pyruvate Plus a-Ketobutyrate—By analogy with the forma- 
tion of acetolactate from pyruvate, it was postulated (4) that 
a-aceto-a-hydroxybutyrate was formed by condensation of acet- 
aldehyde (formed from pyruvate) with a-ketobutyrate. Because 
acetolactate is formed with pyruvate alone as substrate, identifi- 
cation of the very similar compound, a-aceto-a-hydroxybutyrate, 
is rendered difficult. However, the acid decarboxylation prod- 
ucts of these B-keto acids, acetoin and acetoethylcarbinol, form 
chromatographically distinct pteridines when allowed to react 
with 2,4,5-triamino-6-hydroxypyrimidine (7). The pteridines 
formed in this way from a reaction mixture containing the de- 
carboxylase-free, acetolactate-forming enzyme from N. crassa, 
pyruvate, and a-ketobutyrate were dissolved in dilute ammonia 
and chromatographed alongside authentic standards. n-Pro- 
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Fic. 4. Activation by metal ions of acetolactate formation by 
the pH 8.0 enzyme of E. coli. Standard assay conditions were 
used; the enzyme preparation (1.09 mg of protein per ml of assay 
mixture) was that fraction soluble at 30 but insoluble at 50% 
saturation with ammonium sulfate. 
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Fic. 5. Relation of acetolactate formation by the pH 8.0 en- 
zyme of E. coli to pyruvate concentration. The insert shows a 
Lineweaver-Burk plot of the same data. Standard assay condi- 
tions with pyruvate varied and 1.09 mg of protein per ml. The 
enzyme preparation was that used in Fig. 4. 
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Fie. 6. Competitive inhibition by acetaldehyde of acetolactate 
formation by the purified enzyme from N. crassa. Standard assay 
conditions, with 1.9 mg of protein per ml and varying amounts of 
pyruvate. 


panol-1% ammonia (2:1) was the solvent (7) and the pteridines 
were detected by their fluorescence under ultraviolet light. Two 
separate zones were present in the incubation mixtures with Rp 
values of 0.65 and 0.50, corresponding exactly to the pteridines 
formed from authentic samples of acetylethylcarbinol and ace- 
toin, respectively. Ultraviolet spectra in 0.1 Nn NaOH of the 
eluted pteridine zones were identical with those of the authentic 
standards. Quantitative determinations were not made, since 
it was not certain that formation of the two pteridines was either 
quantitative, or occurred in equal yield. Rough visual compari- 
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Fia. 7. Acetolactate formation by the purified enzyme from 
N. crassa as a function of time (A) and enzyme concentration 
(B). Curve 1, acetolactate formation under standard assay con- 
ditions with purified enzyme (4.8 mg of protein in 2.0 ml volume). 
Curve 2, COz formation under standard assay conditions with 
purified enzyme (2.4 mg of protein in 2.0 ml volume). The two 
curves are from separate experiments. Curve 8, acetolactate 
formation under standard conditions. 


TABLE IV 


Stoichiometry of acetolactate and acetoin formation by purified 
enzyme from N. crassa 























p»Moles loss or gain 
we || eee — aoe 
Acetoin | — isis | COz CO: |Pyruvate 
1 0.5 m 4.4 | 4.8 14.6 | 13.6 
2 0.04 m 7.0 | 2.8 | —17.7 —19.6 











* Trial 1, standard assay mixture with 6.1 mg of protein per 
ml. CO: evolution was followed. After 4 hours at 37°, acetoin 
and acetolactate were determined. 

Trial 2, standard assay mixture except for reduced pyruvate 
concentration and 6.1 mg of protein per ml. Pyruvate, acetoin, 
and acetolactate were determined after 4 hours of incubation at 
. 


son indicated that the pteridine formed from acetoin was present 
at about 10 times the concentration of that from acetylethyl- 
carbinol. No acetylethylcarbinol was formed in the presence of 
acetaldehyde and a-ketobutyrate as substrates, or in the absence 
of a-ketobutyrate with pyruvate as substrate. 

4. Time-Course and Effect of Enzyme Concentration—The rates 
of acetolactate and carbon dioxide formation from pyruvate by 
the enzyme from N. crassa were followed in separate experiments. 
These rates were linear for at least 1 hour (Fig. 7). Product 
formation was directly proportional to enzyme concentration. 

5. Stoichiometry—The over-all reactions involved in the for- 
mation of acetolactate and acetoin are as follows: 


(1) 
(2) 


2 Pyruvate — a-Acetolactate + CO, 


a-Acetolactate — Acetoin + CO, 


Biosynthesis of Valine and Isoleucine. 
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The data of Table IV demonstrate that the required stoichiom- 
etry exists. Although the preparations of N. crassa contained 
very little acetolactate decarboxylase, considerable acetoin was 
formed during the long incubation periods used for these experi- 
ments. When 0.5 m pyruvate was used, it was difficult to deter- 





mine the disappearance of pyruvate accurately. For these 
reasons, the experiments were performed at high levels of pyru- 
vate for measurement of CO» evolution, and at low levels for | 
measurement of pyruvate disappearance. | 

6. Inhibition of Enzyme Activity—The formation of acetolac- | 
tate from pyruvate by preparations from N. crassa is inhibited | 
completely by 10-4 m HgCle or AgNO; and to a much smaller 
extent (17.5%) by 10-* mM CuSO... No inhibition was observed 
at these concentrations of p-chloromercuribenzoate or iodo- 
acetate. 


DISCUSSION | 


The formation of acetoin from pyruvate has been observed in 
several microorganisms (11), in plants (22), and in higher ani- 
mals (23, 24). In bacteria it is formed mainly by the decarbox- 
ylation of a-acetolactate, and the present results indicate this 
is also the route of its formation in extracts of N. crassa. Singer 
and Pensky (22) prepared a highly purified enzyme from wheat 
germ and showed that it catalyzed both the decarboxylation of | 
pyruvate to acetaldehyde and condensation of acetaldehyde to | 
acetoin. Acetolactate is thus not an obligatory intermediate | 
in acetoin formation by this tissue. There is also no evidence | 
for an intermediate role of acetolactate in acetoin formation by 
pig heart (13, 24) or filariae (14) since these tissues, like wheat 
germ, convert acetaldehyde directly to acetoin. The enzyme 
system from N. crassa studied here does not form acetoin directly 
from acetaldehyde, but forms it by decarboxylation of a-aceto- 
lactate. No acetaldehyde is formed from pyruvate by the ex- 
tracts. Even in the presence of added acetaldehyde, pyruvate 
is still required for acetoin formation, but is diverted directly to 
the latter product without appearance of acetolactate as an in- 
termediate. Free acetaldehyde is thus not a precursor of aceto- 
lactate (or of acetohydroxybutyrate) in N. crassa. 

These diverse results are readily correlated by extension of a 
scheme suggested by Singer and Pensky (22). According to this 
view, all degradative reactions of pyruvate in vivo have in com- 





mon the formation of an enzyme-acetaldehyde complex the fate 
of which varies, depending upon the enzyme and its environment, 
as shown in Fig. 8. The enzyme from N. crassa, studied here, ' 
apparently forms a nondissociable enzyme-acetaldehyde complex | 


ACETYLMETHYL- 
ACETYL-CoA CARBINOL + ENZYME CH3CHO 


+ENZYME 
~LrRUvare =F ames 
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PYRUVATE +ENZYME=— PYRUVATE ———» ACETALDEHYDE +CO> 
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x q e | BUTYRATE 


ENZYME + ENZYME +@-ACETO-a- 
* G-ACETOLACTATE © HYDROXYBUTYRATE ~~ */SOLEUCINE 


—— DECARBOXYLASE-—— 


VALINE + 


CO> + ACETOIN CO> + ACETYLETHYLCARBINOL 


Fic. 8. Interrelationships between formation of acetaldehyde, 
acetoin, a-acetolactate and related products. Reactions ob- 
served in N. crassa in this and a preceding study (1) are indicated 
by solid arrows. 
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(Reaction a + b) which can pass the bound group either to added 
acetaldehyde to yield acetoin (c), or to pyruvate to yield a-aceto- 
lactate (d), or to a-ketobutyrate to yield a-aceto-a-hydroxybuty- 
rate (e). The aldehyde-enzyme complex must be nondissociable 
because no free acetaldehyde is formed from pyruvate (f). 
Similarly, the complex cannot be formed from enzyme plus 


' pyru- | acetaldehyde (g), for in the latter event acetoin would be formed 


| directly from acetaldehyde (g + c), as in wheat germ and pig 


hibited | 
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heart. 

Because activity of the pH 8.0 enzyme is decreased when 
organisms containing it are grown in the presence of valine, 
Umbarger and associates (6, 12) ascribe the principal role in 
biosynthesis of valine to the acetolactate formed by this enzyme. 
These authors also conclude (12) that when Aerobacter aerogenes 
grows at low pH values, and appears to lack the pH 8.0 enzyme, 
the pH 6.0 enzyme also can supply acetolactate for valine syn- 
thesis. N. crassa contains only the latter enzyme, which must 
therefore function in valine synthesis by this organism. Since 
its activity is not repressed by presence of valine, the type of 
feed-back control mechanism suggested for valine biosynthesis 
in E. colt (6) and A. aerogenes (12) must not be present in JN. 
crassa. 


SUMMARY 


Procedures are described for obtaining the acetolactate-syn- 
thesizing enzymes of Escherichia coli and Neurospora crassa in 
cell-free form, and for separating this enzyme in N. crassa from 
an active acetolactate decarboxylase. E.coli contains two aceto- 
lactate-forming enzymes with pH optima at 6.0 and 8.0; only the 
former is stable at pH 5.1. N. crassa contains only one aceto- 
lactate-forming enzyme; this has a broad optimum between pH 
6.0 and 7.0. The pH 8.0 enzyme extractable from E. coli is 
decreased when the organism is cultured in the presence of valine; 
the pH 6.0 enzyme from E. coli and that from N. crassa are un- 
affected by this procedure. Thiamine pyrophosphate is essential 
for the activity of all three enzymes; the pH 8.0 enzyme from 
E. colt and the enzyme from N. crassa also required added metal 
ions for activity. Mn++ was the preferred activator, but Mg*t* 
also is highly active. Cat+, Fet++, and Co** also activated the 
fungal enzyme. All three enzymes require high pyruvate con- 
centrations for activity. Although the fungal enzyme forms no 
acetoin from acetaldehyde alone, addition of the latter together 
with pyruvate results in acetoin formation without the inter- 
mediate formation of acetolactate. Concentrations (moles per 
liter) of activators and substrates permitting half-maximal rates 
of acetolactate formation by the fungal enzyme are: thiamine 
pyrophosphate, 3 X 10-§; Mn++, 5 x 10-5; pyruvate, 4.6 x 10-?; 
acetaldehyde (K;), 2.0 X 10-*. When a-ketobutyrate and py- 
ruvate are added, the enzyme preparation from N. crassa forms 
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a mixture of a-acetolactate and a-aceto-a-hydroxybutyrate. 
These results are interpreted in terms of a thiamine pyrophos- 
phate-dependent decarboxylation of pyruvate to yield an acetal- 
dehyde-enzyme complex that can pass the aldehyde residue to 
acetaldehyde to yield acetoin, to pyruvate to yield acetolactate, 
or to a-ketobutyrate to yield a-aceto-a-hydroxybutyrate, but 
cannot dissociate to free acetaldehyde and enzyme. Accord- 
ingly, free acetaldehyde is not a precursor of valine or of isoleucine 
in this organism. 
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The major proposed intermediates through which valine is 
synthesized from pyruvate in vivo are depicted in Fig. 1. Iso- 
leucine is formed by a similar sequence of reactions from pyru- 
vate and a-ketobutyrate via a-aceto-a-hydroxybutyrate (for 
literature, see (2)). Although Reactions I, V, and VI of Fig. 1 
have been studied at the enzymatic level, the unusual isomeriza- 
tion and reduction step by which a-acetolactate is converted to 
a,8-dihydroxyisovalerate has not been studied as an isolated 
reaction, and it is uncertain whether this conversion proceeds in 
two steps (Reactions II + III) or in a single step (Reaction IV). 
Strassman et al. (3, 4) and later Meister (5) pointed out the 
possible role of a-keto-8-hydroxyisovalerate as an intermedi- 
ate during this reaction. A two-step reaction was made more 
likely by the findings of Wagner et al. (6) that Neurospora crassa 
contained an enzyme that catalyzed the conversion of a-keto-8- 
hydroxyisovalerate and a-keto-G-hydroxy-8-methylvalerate to 
the corresponding dihydroxy acids (Reaction III, Fig. 1). How- 
ever, further work has resulted in complete separation of the 
reductase catalyzing Reaction III from the reductoisomerase that 
catalyzes Reaction IV. These results together with various 
properties of the two enzymes are presented in this article. 


EXPERIMENTAL PROCEDURE 


Preparation and Characterization of a-Keto-8-hydroxyisovalerate 
and a-Keto-8-hydroxy-B-methylvalerate—These a-keto-8-hydroxy 
acids were synthesized from a-ketoisovalerate and a-keto-$- 
methylvalerate by application of the procedure described by 
Sprinson and Chargaff (7) for the preparation of hydroxypyru- 
vate from pyruvate. The starting a-keto acids were enzymat- 
ically prepared from the corresponding amino acids (8). Later, 
commercially available a-ketoisovalerate (Sigma Chemical Com- 
pany, 87% pure) was recrystallized once from acetone-water to 
give the pure compound. 

A typical preparation of a-keto-8-hydroxyisovalerate (HKV)! 


* Supported in part by a grant (E-1575) from the United States 
Public Health Service. For Paper II of this series, see (1)- 

t Present address, Department of Biochemistry, Indian Insti- 
tute of Science, Bangalore, India. Reprint requests should be 
addressed to Dr. E. E. Snell, Department of Biochemistry, Uni- 
versity of California, Berkeley 4, California. 

t John Simon Guggenheim Memorial Fellow, 1957-58. Present 
address, Department of Zoology, University of Texas, Austin 12, 
Texas. Dr. Wagner participated only in the experiments dealing 
with the a-keto-8-hydroxy acid reductase. 

1 Occasional use is made of the following abbreviations: a-keto- 
8-hydroxyisovalerate, HKV; a-keto-8-hydroxy-8-methylvalerate, 
HKI; a,6-dihydroxyisovalerate, DHV; a,8-dihydroxy-6-methyl- 
valerate, DHI; a-acetolactate, AL; a-aceto-a-hydroxybutyrate, 
AHB. 


was as follows. A solution of sodium a-ketoisovalerate (4.14 g, 
0.03 moles) in a small volume of water was acidified with 2 n 
H.SO, and extracted continuously with ether. The ether extract 
was dried over anhydrous sodium sulfate, decanted, and freed of 
ether by evaporation ina vacuum. The free keto acid was dried 
over phosphorus pentoxide in a vacuum (yield 3.06 g, 88%), then 
warmed to 50°. Careful, dropwise addition of 1.56 ml of dry 
bromine resulted in a vigorous reaction with liberation of HBr. 
After completion of the addition (about 5 minutes), the flask 
was transferred to a vacuum desiccator containing moist pellets of 
NaOH, which was evacuated with a water pump. a-Keto-6- 
bromoisovaleric acid solidified as a crystalline cake in the flask, 
It was dissolved in a small amount of benzene and the solution 
evaporated to dryness. This was repeated twice; then, the com- 
pound was left in an evacuated desiccator for 2 days with occa- 
sional changes of the moist pellets of NaOH to remove the last 
traces of HBr. The yield was 5.1 g. (100%). Recrystallization 
from chloroform-petroleum ether gave shining platelets of the 
hygroscopic bromocompound. This was converted to the cor- 
responding a-keto-8-hydroxy acid by dissolving in a small amount 
of water, and adding 2.5 n NaOH, rapidly until the pH reached 
6.0, then gradually, to maintain the pH between 7.0 and 8.5. 
The addition was stopped when hydrolysis was complete, as in- 
dicated by no further decrease in pH. Two equivalents of alkali 
were required. The resulting solution of a-keto-8-hydroxyiso- 
valerate was adjusted to pH 7.5 and was used without further 
purification. 

a-Keto-8-hydroxy-8-methylvalerate (HKI) was prepared in a 
similar way from a-keto-6-methylvalerate in excellent yields. 
The product was optically inactive, probably as a result of race- 
mization during bromination. The chromatographic properties 
of these two acids in various solvents have been reported (6). 

Some of the earlier preparations of the two ketohydroxy acids 
contained small amounts of the corresponding products of oxida- 
tive decarboxylation, a-hydroxyisobutyric acid or a-hydroxy-a- 
methylbutyric acid. These were identified by paper chromato- 
graphic comparison with authentic samples prepared in larger 
quantities by decarboxylation of the two a-keto-8-hydroxy acids 
with ceric sulfate (8) and isolation of the products. The forma- 
tion of these contaminants during preparation of the ketohydroxy 
acids was traced to a failure to maintain anhydrous conditions 
during the bromination step. When the starting keto acid was 
dried thoroughly over phosphorus pentoxide in a vacuum, even 
at the risk of losses due to volatilization, the final preparations 
were free of the contaminating hydroxy acids. 

Oxidative decarboxylation of the uncontaminated ketohydroxy 
acids with ceric sulfate (8) gave the expected values for CO: 
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evolution.2 The products were further characterized by prep- 
aration of the 2,4-dinitrophenylhydrazones by addition of a 3- 
to 5-fold excess of a 0.1% solution of 2,4-dinitrophenylhydrazine 
in 2 N HCI to the solutions containing the samples, filtration, and 
recrystallization of the hydrazone from a mixture of ethanol and 
2n HCL. 

Analyses—2 ,4-Dinitrophenylhydrazone of a-keto-6-hydroxy- 
isovaleric acid 

Ci1Hi207;N, (312.2) 


Calculated: C 42.4, H 3.85, N 17.9 
Found: C 42.5, H 3.86, N 18.2 


2,4-Dinitrophenylhydrazone of a-keto-8-hydroxy-8-methylva- 
leric acid. 
C12H1,0;N, (326.3) 
Calculated: C 44.2, H 4.30, N 17.2 
Found: C 44.02, H 4.28, N 17.09 


Reduction of the dinitrophenylhydrazones with hydrogen over 
platinum oxide at 30 pounds per sq. inch yielded a mixture of the 
corresponding a-amino-8-hydroxy acids and the a-amino acids, 
the latter resulting from reduction of the hydroxyl group. This 
behavior is analogous to that observed by Meister and Abend- 
schein (9) for the dinitrophenylhydrazones of a-keto-8-hydroxy- 
butyric acid and hydroxypyruvic acid. 

Solutions of the sodium salts of the two ketohydroxy acids are 
stable at —16° for extended periods. Treatment at 100° for 5 
minutes caused no apparent destruction as judged by keto acid 
assay with 2,4-dinitrophenylhydrazine. 

Other Chemicals—a-Acetolactate, a-aceto-a-hydroxybutyrate, 
and acetoin were prepared as described elsewhere (1). Glucose 
6- phosphate (Sigma), 6-phosphogluconate (Sigma), TPN 
(Sigma), DPNH (Sigma), and protamine sulfate (Eli Lilly) were 
commercial products. Hydroxypyruvic acid was prepared as de- 
scribed by Sprinson and Chargaff (7). The TPNH used rou- 
tinely was prepared enzymatically from TPN, glucose 6-phos- 
phate, and glucose 6-phosphate dehydrogenase. Highly active 
preparations of the latter enzyme were obtained by fractionation 
of crude buffer extracts of N. crassa (10). These were free of 
the enzyme that forms acetolactate from pyruvate (1), of 6-phos- 
phogluconate dehydrogenase, and of the reductase and reducto- 
isomerase studied below. 

Assay of a-Keto-8-hydroxy Acid Reductase—Reductase activity 
was assayed by the decrease in absorbancy at 340 my in a mix- 
ture containing the following: a-keto-8-hydroxyisovalerate, 10 
umoles; TPNH, 0.1 umole; enzyme, and Tris buffer (final con- 
centration, 0.1 mM) pH 7.5, in a total volume of 1.0 ml. Changes 
in optical density were followed in the Cary recording spectro- 
photometer. One unit of activity was defined as that amount of 
enzyme which produced a decrease in optical density of 0.1 in 5 
minutes at 25° in the above assay mixture. For comparative 
purposes, most assays also were run with a-keto-8-hydroxy-8- 
methylvalerate (5 wmoles) replacing a-keto-8-hydroxyisovalerate 
as substrate. 

Assay of a-Hydroxy-B-keto Acid Reductoisomerase—The con- 
ditions were the same as those specified above, but a-aceto-a-hy- 
droxybutyrate (20 umoles) replaced the a-keto-8-hydroxy acids 


2 The “‘expected’”’ amount of CO, was calculated on the basis of 
the amount of bromoketo acid hydrolyzed. Decarboxylation 
with H2O2 was less satisfactory because of an anomalous continu - 
ous evolution of gas, over and above the expected values, perhaps 
due to nonenzymatic breakdown of H:O:. The assays with ceric 
sulfate were further checked by enzymatic assay of the products 
in the presence of an excess of the a-keto-8-hydroxy acid reductase 
and TPNH. 
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Fic. 1. Reactions involved in biosynthesis of valine. Reac- 
tions demonstrated in cell-free extracts are indicated by solid 
arrows. 








TaBLeE [| 
Purification of a-keto-8-hydrozy acid reductase from extracts of 
N. crassa 
Fraction Volume Protein yey Recovery 
ml mg/ml units/mg protein % 
A 278 19.0 12.1 (100) 
B 280 5.45 37.0 88.5 
C 312 3.28 53.0 85.0 
D 25 13.1 128 65.5 
E 16 2.8 330 23.3 

















* a-Keto-8-hydroxyisovalerate as substrate. The summation 
of the activities of individual fractions frequently was greater 
than that of the starting material (e.g. C + D > A) for unknown 
reasons. 


as substrate, and 6-mercaptoethanol (5 umoles, MgSO, (2.5) 
umoles), and a boiled extract of N. crassa or of E. coli (0.05 ml) 
were added. The latter extracts were the supernatant fluids 
obtained by heating the crude extracts of these organisms used 
for enzyme preparation (1) at 100° for 5 minutes, then centrifug- 
ing. 

Protein was determined by the procedure of Lowry et al. (11). 


RESULTS 


Fractionation and Separation of Reductase and Reductoisomerase 


From N. crassa—Two procedures were evolved. In Procedure 
1, crude water extracts (Fraction A, Table I) of N. crassa were 
treated with 0.05 m AICl; as described elsewhere (1). After 5 
minutes, the heavy precipitate was centrifuged out and dis- 
carded. The supernatant solution (Fraction B) was adjusted to 
pH 7.0 and fractionated at 0-5° by addition of solid ammonium 
sulfate. Fraction C was precipitated by adding ammonium sul- 
fate to 50% saturation. Most of the activity was present in the 
fraction soluble in 50%, but insoluble in 60%, saturated ammo- 
nium sulfate (Fraction D, Table I). Further purification of 
Fraction D with alumina gel Cy by the procedure of Ochoa et al. 
(13) as described below for the enzyme from E. coli, gave frac- 
tions (E, Table 1) with specific activities as high as 330 units per 
mg of protein. 


3 This procedure provides a convenient means for separating the 
reductases from the acetolactate-forming enzyme, which precipi- 
tates at this step (1). 

‘ Additions of solid ammonium sulfate were made in the 
amounts specified for room temperature (12) and were not cor- 
rected for temperature. 
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TaBLeE II 
Separation of a-keto-B-hydrozy acid reductase from 
reductoisomerase of N. crassa 











Reductase Reductiosomer- 
(HKV)* ase (AHB 
Fraction Volume | Protein 
Specific | Recov- |Specific | Recov- 
activity; ery jactivity| ery 
ml mg/ml % % 
1. Crude extractt 400 12.2 2.7 |(100) | 6.0 | (100) 
2. Protamine-treated | 440 9.0 5.6 | 170 5.9 79 
Fraction 1 
3. Ammonium sulfate 
a. 50-60% 42.5 | 17.3 | 20 113 0 
b. 60-90% 46 21.8 0 7.6 32 
4. Gel fractions{ 
7 20 1.0 | 48 15.9} 0 
8 20 0.71 | 80 18.4) 0 























* Assayed also with HKI as substrate. No tendency of the 
activities toward KHV and HKI to separate was noted. The 
average ratio of activities, KHV:HKI = 1.04, was distinctly 
lower than that observed for the corresponding enzyme from 
E. coli. For abbreviations, see footnote 1 in text. 

t The activity of the crude extract used here was substantially 
lower than usual (cf. Table I) for unknown reasons. 

t See text. 


In Procedure 2, the crude buffer extract of N. crassa (400 ml, 
5.2 g of protein, pH 7.0) was treated with 52 ml of a 1.5% solu- 
tion of protamine sulfate in 0.1 m potassium phosphate buffer, pH 
7.0. The mixture was stirred for 15 minutes, then centrifuged at 
18,000 x g for 15 minutes, and the residue discarded. The su- 
pernatant solution was further fractionated with ammonium sul- 
fate at 0-5° to yield fractions insoluble between 0 and 30, 30 and 
40, 40 and 50, 50 and 60, and 60 and 90% saturation. After 
each addition of ammonium sulfate, the pH was readjusted to 
7.0 and the mixture was stirred for 30 minutes before the pre- 
cipitated protein was centrifuged out. The precipitates were 
dissolved in each case in 0.1 m Tris buffer pH 7.5, for assay. 
Results (Table II) show that, as in Procedure 1, most of the re- 
ductase for a-keto-8-hydroxyisovalerate was present in the 50- 
60% fraction. Of greater interest was the absence of all reduc- 
toisomerase activity from this fraction. This latter enzyme is 
present in the 60-90% fraction. Twenty milliliters of the 50- 
60% fraction were dialyzed for 9 hours between 0 and 5° to re- 
move ammonium sulfate. The dialyzed solution was then ad- 
justed to 35 ml and pH 6.5 and subjected to fractional absorption 
in eight steps with 2 ml of alumina gel Cy at each step, in the 
manner described below for E.coli. In the most active fraction 
(Table II) the reductase was purified about 30-fold over the crude 
extract, a degree of purification similar to that achieved by Pro- 
cedure 1. Only by Procedure 2, however, was the reductase 
freed of reductoisomerase. Further purification of the reducto- 
isomerase of N. crassa proved difficult. Heavy losses without 
purification occurred on dialysis against buffer containing Mg** 
and $-mercaptoethanol, and upon gel fractionation. The prop- 
erties of this enzyme were, therefore, determined with the 60-90% 
fraction described in Table II. 

From E. coli: (a) Protamine and Ammonium Sulfate Treatment 
—Cells of BE. coli K-12 grown in minimal! salts-glucose medium 
(14) were disrupted in the magnetostriction apparatus as de- 
scribed elsewhere (1). This extract (250 ml, 5.95 g of protein, 
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pH 7.0) was treated first with protamine sulfate, then fraction- 
ated with ammonium sulfate as described for N. crassa. The 
fraction insoluble between 40 and 70% saturation was redissolved 
in 61 ml of 0.1 m phosphate buffer pH 7.5, and fractions precipi- 
tating between 0-45, 45-50, 50-55, and 55-60% saturation with 
ammonium sulfate were collected. The fractions highest in re- 


ductase activity also were high in reductoisomerase activity (Ta- 
ble ITI). 


TaBLeE III 


Purification and separation of a-keto-8-hydroxy acid reductase from 
reductoisomerase of E. coli 














Reductase Reductoisomer- 
(HKV)* ase (AHB) 
Fractions Volume | Protein 
Specific | Recov- |Specific | Recov- 
| activity ery activity ery 
ml | mg/ml % % 
1. Crude extract 350 15.5 22 | (100)} 14.0)(100) 
2. Protamine-treated | 390 10.6 26 90 | 18.4} 101 
Fraction 1 
3. Ammonium sulfate 
a. 40-70% 61 35 49 88 36 101 
b. 50-55% 42.7| 8.1 111 32 | 126 58 
c. 55-60% 36.6 | 6.5 128 26 | 35.4) 11 
4. Gel fractionst 
1 42.7 | 1.28 | 262 12} 69.5) 5.1 
2-4 128 1.25 | 186 24 | 149 30 
5 42.7 0.58 0 0 |1010 34 




















* The reductase was assayed also with HKI as substrate. In 
no case was there any indication of separation of the activities 
toward HKV and HKI. The average ratio of activities on the 
two substrates (HKV:HKI) was 1.9. For abbreviations, see 
footnote 1 in text. 

t Prepared from dialyzed 50-55% ammonium sulfate Fraction 
3b. The data given for Fractions 2-4 are the averages of values 
found for the individual fractions. 
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Fic. 2. The relation of pH to activity of the purified a-keto-f- 
hydroxy acid reductase. Standard assay procedure (see text) 
with pH varied. The enzyme from £. coli was 25.6 ug of protein 
from Gel fraction 1 (Table III); that from N. crassa, 250 wg of 
protein from the 50-60% (NH,).SO, fraction (Table IT). For key 
to abbreviations, see text footnote 1. 
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Fic. 3. The relation of substrate concentration to activity of the a-keto-8-hydroxy acid reductase. The inserts show Lineweaver, 
Burk plots of the same data. Reaction mixtures as in Fig. 2 with substrate concentration varied and pH constant at 7.5. A and B- 
enzyme from E. coli (154 ug of protein from the 50-55% fraction, Table III); C, enzyme from N. crassa as specified in Fig. 2. For 


abbreviations, see text footnote 1. 


(6) Gel Treatment—Twenty milliliters of Fraction 3b (Table 
III) were dialyzed for 9 hours at 0-5° against 6 liters of 0.005 m 
phosphate buffer pH 7.5, containing MgSO, (1 x 10-* m) and 
8-mercaptoethanol (1 X 10-‘ Mm). Heavy losses of the a-hy- 
droxy-8-keto acid reductoisomerase occurred in the absence of 
Mg*tt. The a-keto-8-hydroxy acid reductase, in contrast, is 
quite stable towards dialysis in the absence of Mg**. 

The dialyzed fraction (22 ml; 154 mg protein) was adjusted to 
pH 6.0 by careful addition of 0.1 N acetic acid, and was subjected 
to fractional adsorption on alumina gel Cy in six steps by the 
general procedure of Ochoa et al. (13). A gel suspension (1.6 ml) 
containing 7.5 mg of solids per ml was placed in each of six cen- 
trifuge tubes. Each of these was centrifuged just before use and 
the supernatant fluid was decanted. The enzyme solution was 
added to the first of the gel tubes, stirred for 15 minutes, and 
centrifuged. The gel precipitate was eluted with 20 ml of 0.2 
m phosphate buffer pH 8.0, for 1 hour with continuous stirring. 
The supernatant fluid containing the unabsorbed proteins from 
the first gel treatment was transferred to the second tube of gel, 
and the treatment repeated. In this way six gel eluates and one 
supernatant solution from the last gel treatment were obtained. 
Activities of certain fractions obtained by this procedure are given 
in Table III. Unlike the reductoisomerase of N. crassa, that of 
E. coli was stable both to dialysis in the presence of Mg** and 
to the gel fractionation, and is substantially purified by these 
procedures. Gel eluate 1 is high in reductase activity and con- 
tains little of the reductoisomerase. It was used for further 
studies of the a-keto-8-hydroxy acid reductase of FE. coli. Gel 
eluate 5, which is free of reductase activity, was used for most 
studies of the reductoisomerase. 


XUM 


Properties of a-Keto-8-hydrory Acid Reductase 

pH Optimum and Affinity for Substrates—In none of the frac- 
tionation procedures was any tendency noted for the a-keto-3- 
hydroxyisovalerate reductase to separate from the a-keto-3-hy- 
droxy-8-methylvalerate reductase (see Tables II and III). The 
pH optimum for the reductase from E. coli is from 6.5 to 7.0; 
that for the enzyme from N. crassa is slightly higher at pH 7.0 
to 7.5 (Fig. 2). For each enzyme the optimum is the same for 
the two substrates, and at optimal substrate concentrations the 
activity is higher with a-keto-3-hydroxyisovalerate than with 
a-keto-6-hydroxy-8-methylvalerate as substrate.* It is note- 
worthy that the ratio of the activity with the former substrate to 
that with the latter is distinctly higher for the enzyme from B£. 
colt (average 1.9, Table ITI) than for the enzyme from N. crassa 
(1.04, Table II). The enzyme from E. coli has a higher affinity 
for a-keto-3-hydroxyisovalerate than for a-keto-3-hydroxy-3- 
methylvalerate, and is inhibited by high concentrations of the 
latter substrate (Fig. 3, A and B); the converse is true for the 
reductase from N. crassa (Fig. 3,C). It may be concluded that 
the same enzyme acts upon both substrates, but that the reduc- 
tases from the two organisms show significant, if minor, differ- 
ences in properties. 

Substrate and Pyridine Nucleotide Specificity—As shown by the 
separation of activities in Tables II and III, the a-keto-3-hy- 
droxy acid reductases do not act upon the isomeric a-hydroxy-3- 


‘In making these comparisons it should be remembered that 
the a-keto-3-hydroxy-8-methylvalerate used was optically inac- 
tive and may have been a racemic mixture. The optical specific. 
ity of the reductase is not known. 
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TaBLe IV 
Substrate and coenzyme specificity of a-keto-B-hydrozy acid 
reductase from N. crassa and E. coli 














Rate of coenzyme oxida- 
tiont by reductase from 
Substrate* Coenzyme 
N. crassa E. colt 
| pmoles/ml 
HKV 10.0 TPNH 0.098 
HKV 1.0 TPNH 0.234 
HKV 10.0 DPNH 0.048 
HKV 1.0 DPNH 0.062 
HKI 5.0 TPNH 0.042 0.065 
HKI 5.0 DPNH 0.032 0.0095 
HP 5.0 TPNH 0.067 0.370 
HP 1.0 TPNH 0.234 
HP 5.0 DPNH 0.059 0.043 














* For abbreviations, see footnote 1 in text; HP = Hydroxy- 
pyruvate. 

t Decrease in optical density at 340 my during the first minute 
under standard assay conditions (see text). Enzyme prepara- 
tions used were samples of the Gel 7 fraction of Table II (100 ug 
protein) for N. crassa and of the Gel 1 fraction of Table III (94 
ug protein) for E.coli. Both preparations had been stored in the 
deep freeze for approximately 4 months before use for these 
comparisons, and had lost from 50 to 90% of their initial activity. 


keto acids, a-acetolactate or a-aceto-a-hydroxybutyrate. The 
purified reductase from N. crassa also does not oxidize TPNH in 
the presence of pyruvate, a-ketoisovalerate, a-keto-8-methyl- 
valerate, or acetoin. Hydroxypyruvate, however, is reduced by 
the reductase from both organisms at rates approximately equal 
to those found for a-keto-8-hydroxyisovalerate (Table IV). 
TPNH is slightly superior to DPNH as hydrogen donor for the 
enzyme from N. crassa, and is markedly superior to DPNH for 
the enzyme from E. coli (Table IV). 

Inhibition of Reductase Activity by Commercial Preparations of 
TPNH—The reductase from N. crassa showed substantially 
higher activities when TPNH was generated enzymatically in 
the cuvette than when commercial preparations of TPNH, pre- 
pared by reduction with sodium hydrosulfite, were used. For 
example, with TPNH prepared from TPN, glucose 6-phosphate 
and the glucose 6-phosphate dehydrogenase of N. crassa, a given 
preparation of the reductase from N. crassa showed 98.5 units 
of reductase activity per mg. of protein. The same preparation 
assayed 83.5 units per mg with enzymatically prepared TPNH 
from Sigma Chemical Company, but only 18.2, 12,1, 7.6, and 25.6 
units per mg with four independent lots of TPNH from the same 
company prepared by reduction with sodium hydrosulfite. The 
cause of the inhibition by the latter samples of TPNH is un- 
known; it is not due to contaminating traces of Bat+ or to un- 
changed hydrosulfite. 

Products of Reaction—The products formed from a-keto- 
B-hydroxyisovalerate and a-keto-6-hydroxy-$-methylvalerate 
through action of the reductase from N. crassa have been identi- 
fied previously (6) by chromatographic techniques and by isola- 
tion as the direct reduction products, a ,8-dihydroxyisovaleric 
acid and a,6-dihydroxy-8-methylvaleric acid, respectively. By 
similar techniques, the same compounds were identified as prod- 
ucts of the reaction catalyzed by the purified reductase from E. 
coli. 

Equilibrium of Reaction—With the use of various reductase 
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preparations from N. crassa, repeated efforts to demonstrate the 
reversibility of the reaction have failed. In the presence of an 
excess of either of the a-keto-8-hydroxy acids, the oxidation of 
TPNH proceeds to completion. Starting from a,6-dihydroxy- 
B-methylvalerate or a,8-dihydroxyisovalerate, no reduction of 
TPN could be detected even at pH values of 8 to 10, which 
should favor reversal of Reaction III (Fig. 1) by reducing the 
hydrogen ion concentration. Similarly, no reversal of the re- 
action occurred when continual regeneration of TPN was made 
possible by addition of oxidized glutathione and glutathione re- 
ductase.* It was concluded that the reduction of the two a-keto- 
B-hydroxy acids to the corresponding a,6-dihydroxy acids is es- 
sentially irreversible. 

Despite this apparent irreversibility of the reduction, small 
quantities of keto acids with Ry values of a-keto-6-hydroxyiso- 
valerate and a-keto-S-hydroxy-8-methylvalerate were isolated 
from the culture fluids of N. crassa. For this purpose, 1 liter of 
medium from a 3-day culture of N. crassa 16117 (1) was evapo- 
rated to 50 ml, acidified with sulfuric acid, and extracted con- 
tinuously for 24 hours with ether. The ether extract was evap- 
orated and the residue was applied as a streak across Whatman 
No. 3 paper. After development with water-saturated ether- 
benzene-formic acid (70:30:14, by volume), two separate zones 
corresponding in position to authentic a-keto-8-hydroxyisova- 
erate and a-keto-G-hydroxy-6-methylvalerate were eluted with 
water. These ketohydroxy acids were heavily contaminated 
with the corresponding dihydroxy acids (detected as described in 
(6)), but not with a-ketoisovalerate or a-keto-8-methylvalerate. 
Each eluate contained material that was reduced with purified 
reductase and TPNH. On treatment with 2,4-dinitrophenylhy- 
drazine, hydrazones were formed which had chromatographic 
properties identical with authentic reference samples prepared 
from synthetic a-keto-8-hydroxyisovalerate and from a-keto-f- 
hydroxy-8-methylvalerate. Like the 2,4-dinitrophenylhydra- 
zones of the authentic a-keto-8-hydroxy acids, those prepared 
from the eluates were reduced catalytically to give a mixture of 
the corresponding hydroxyamino acids and the parent amino 
acids. It is concluded that in some mutant cultures, small 
amounts (approximately 5 mg per liter of medium) of a-keto-8- 
hydroxyisovalerate and a-keto-6-hydroxy-6-methylvalerate are 
formed and appear in the culture medium. 

Miscellaneous Properties—Oxidation of TPNH was directly 
proportional to reductase concentration for preparations from 
both N. crassa and E. coli. In contrast to that of the reducto- 
isomerase, activity of the purified reductase was not influenced 
by Mgt+, Mn**, 8-mercaptoethanol, or by boiled crude extracts 
of tissues, and the enzyme is stable to dialysis. 

Distribution of Reductase in Biological Materials—The reduc- 
tase was present to an approximately equal extent in wild type 
Neurospora or E. coli, which synthesize valine and isoleucine, and 
in several valineless, isoleucineless mutants of these organisms. 
Several animal tissues contain a similar enzyme (Table V). 

Effect of Cultural Conditions on Reductase Activity of N. crassa 
and E. coli—Production of the reductase was not inhibited by 
addition of valine or isoleucine to the culture medium of either 
N. crassa or E. coli (Table V1). The reductase activity of these 
cultures is maximal at valine and isoleucine concentrations nor- 
mally used for growth of the mutant cultures. The specific ac- 
tivity of the cell extracts varied only slightly (410%) with varia- 


* The purified reductase fractions from N. crassa contained a 
highly active glutathione reductase. 
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tions in incubation time between 45 and 84 hours for N. crassa 
16117 or between 12 and 24 hours for E. coli K-12. 


Properties of a-Hydroxy-8-keto Acid Reductoisomerase 


As seen in Tables II and III, the a-keto-8-hydroxy acid reduc- 
tase of both N. crassa and E. coli has been almost completely 
separated from an enzyme shown below to catalyze Reaction IV, 
Fig. 1. Properties of the latter enzyme, the reductoisomerase, 
are as follows. 

Cofactor and Metal Ion Requirements—TPNH was required for 
enzymatic activity (Table VII) and could not be replaced by 
DPNH. The enzyme also shows an obligatory requirement for 
ametalion (Table VII). A purified enzyme fraction that showed 
45 units per mg of activity with MgSO, supplied at a concentra- 
tion of 10-4 m showed only 8.5, 7.5, and 5.5 units per mg of pro- 
tein when Al, Ni, or Cu salts, respectively, were substituted for 
Mg**, at equimolar concentrations, and showed no activity when 
Mg*t+ was replaced by Ca++, Mntt+, Fe++, Zn++, Cd++, or Hgt+ 
at this level. Thus, only Mg**+ is highly active; it shows optimal 
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TaBLE V 
Distribution of a-keto-8-hydroxy acid reductase activity in nature 
Source pee Source yor ey 
units/mg units/mg 
protein protein 
N. crassa 
Em 5256 (wild type) 16.1 Guinea pig liver 3.0 
16117 (mutant) 19.7 Human liver 0.0 
16117-25 (mutant) 11.9 Mouse liver 1.9 
T304 (mutant) 12.7 Rabbit liver 3:3 
7110 (mutant) 17.5 Rat liver 10.0 
E. coli Sheep kidney 1.5 
K-12 (wild type) 12.3 Beef brain 0.0 
413 (K-12 mutant) 9.6 Human brain 0.0 











* Cultures were grown and cell-free extracts prepared as de- 


scribed previously (1). 


Animal tissues were homogenized and 


centrifuged, and the supernatant solutions tested. a-Keto-8- 
hydroxyisovalerate was the substrate; assay conditions were 
those specified in the text. 


TaBLeE VI 


Effect of valine and isoleucine concentration on a-keto-8-hydroxy 
acid reductase activity of N. crassa and E. coli 




















Reductase activity 
Organism and strain pt-Valine/pt-Isoleucine 
Units per mg | Units per liter 
of protein of culture* 
re mg/liter 
N. crassa 
Em 5256 0/0 16.1 7,900 
16117 15/5 7.6 150 
16117 30/10 13.2 820 
16117 470/200 16.1 10,800 
E. coli 
K-12 0/0 12.3 3,580 
413 15/15 20.0 1,375 





* None of the reductase activity was detected in the cell-free 


culture filtrate. 


The values in this column represent the product 


of Column 3 and the mg of protein obtained by extraction of the 
cells from 1 liter of culture medium. 
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TaB_e VII 


Requirements for activity of purified reductoisomerase of E. coli 
and of N. crassa 














Activity, units per mg of proteint 
Omissions from complete assay system* E. coli 
N. crassa 
epenent aaa aa 
NOMBS GE on A ee 124 1010 11.2 
a-Aceto-a-hydroxybutyrate..... 0 0 0 
WENO os (iieorceines Ba 0 0 0 
Ee Sen ry eee SPR 25 198 5.2 
8-Mercaptoethanol (RSH)...... 710 10.1 
Boiled crude extract (BCE).... 710 8.8 
BI nko nsce-tlnnasenaanan 55 585 8.4 
WN Es yo @ wires ny 0 us 18 198 4.0 
WE ee BI. oo cnc ccc se ce was 0 0 4.0 
Mg** + RSH + BCE.......... 0 0 3.1 














* The complete assay system was that described in the text. 

{ Enzyme fractions used (per ml of assay mixture) were as 
follows: E. coli, Experiment 1, 100 wg of protein from 50-55% 
fraction (Table III); Experiment 2, 12 yg of protein from Gel 5 
fraction of Table III; N. crassa, 100 ug of protein from the 60-90% 
fraction, Table II. 
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Fig. 4. Activation of the reductoisomerase of E. coli by Mg**. 
Assay mixture as specified in text with Mg** omitted and 77 ug 
of protein from the 50-55% fraction (Table III) present as the 
enzyme. 


activity at 2.5 x 10-* mM and is somewhat inhibitory at high con- 
centrations (Fig. 4). 8-Mercaptoethanol and a boiled crude ex- 
tract of E. coli or of N. crassa increase the observed enzyme ac- 
tivity (Table VII). The nature of the stimulation by the boiled 
crude extract is not known. It was frequently not observed in 
extracts held in the frozen state for long periods. Additions of 
adenosine triphosphate, coenzyme A, tetrahydropteroylglutamic 
acid and the vitamin Bi: coenzyme (15) had no effect. High 
concentrations of ATP inhibited the reaction, possibly by binding 
the Mg**. 

Effect of pH and Substrate Concentration—The pH optimum is 
near 7.5 both for the enzyme from E. coli and for that from N. 
crassa (Fig. 5). The effect of concentration of a-aceto-a-hy- 
droxybutyrate and a-acetolactate on formation of the rearranged 
and reduced products by the purified enzyme from E. coli is 
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Fia. 5. The effect of pH on the activity of the reductoisomerase 
of E. coli and N. crassa. Curves 1 and 2, purified preparations 
from £. coli with Tris and phosphate buffers, respectively. Curve 
8, purified preparation from N. crassa, Tris buffer. The assay 
mixture was that specified in the text with the buffer varied. 
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Fig. 6. The effect of substrate concentration on the activity of 
the reductoisomerase from E. coli. A purified gel fraction (Table 
III) was the enzyme source and experiments with both substrates 
were run in parallel. Assay as in text with substrate varied. 
AHB = a-aceto-a-hydroxybutyrate; AL = a-acetolactate. 
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Fia. 7. The effect of concentration of a-aceto-a-hydroxybutyr- 
ate on the activity of the reductoisomerase from N. crassa. 
Assay as in Fig. 6. 


shown in Fig. 6. The activity of the enzyme is much higher with 
acetohydroxybutyrate than with acetolactate as substrate, al- 
though the affinity for the two substrates is similar. Fig. 7 gives 
similar data for the purified reductoisomerase of N. crassa. 
Identification of Products—The product of the reaction cat- 
alyzed by the purified reductoisomerase from E. coli with 
a-aceto-a-hydroxybutyrate as substrate was identified as a,f- 
dihydroxy-8-methylvaleric acid and not the direct reduction 
product, a ,8-dihydroxy-a-ethylbutyric acid. For this purpose, 1 
ml of Gel eluate 5 (Table IIT), 200 umoles of a-aceto-a-hydroxy- 
butyrate, 25 umoles of Mg++, 50 uwmoles of B-mercaptoethanol, 
0.2 umole of TPN, 100 umoles of glucose 6-phosphate, 0.2 ml of 
purified glucose 6-phosphate dehydrogenase from N. crassa (10), 
0.5 ml of boiled EF. coli extract, and 600 umoles of Tris in a total 
volume of 10.0 ml were incubated at pH 7.5 for 6 hours at 37° 
under a thin layer of toluene. The mixture was evaporated to 
dryness and acidified with a few drops of 6 Nn HCl. An amount 
of solid sodium sulfate sufficient to absorb the water was added, 
and the free acid was extracted into ether. The ether extract 
was evaporated, and the residue was dissolved in a small amount 
of ethanol and applied as a streak on one sheet of Whatman No. 
3 paper. The chromatogram was developed with the ether-ben- 
zene-formic acid solvent (6, 18). A single dihydroxy acid was 
detected by spraying guide strips with periodate-benzidine rea- 
gent. This acid was eluted from the unsprayed region and neu- 
tralized with 0.01 n NaOH. Both the direct titration value and 
the value afforded by the procedure of Adelberg (16) gave a to- 
tal of 40.0 umoles of the isolated acid. After treatment with 
periodate, 2,4-dinitrophenylhydrazine (0.1%) in 2 n HCl was 
added. Glyoxylic acid and methyl ethyl ketone were identified 
as the sole products of oxidation by chromatography of the 2,4- 
dinitrophenylhydrazones against authentic standards. Glyox- 
ylic acid was further identified by means of the characteristic 
spectrum of its 2,4-dinitrophenylhydrazone in alkali (17). 
These oxidation products establish the isolated acid to be a ,B-di- 
hydroxy-6-methylvaleric acid. No a-ketobutyrate or acetalde- 
hyde, the products formed on periodate treatment of the isomeric 
a ,8-dihydroxy-a-ethylbutyric acid, were found.’ The isolated 


7 The direct reduction products of a-acetolactate and of a-aceto- 
a-hydroxybutyrate were prepared by subjecting solutions of these 
compounds in 0.1 m phosphate buffer, pH 8.0, to hydrogenation 
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TaBLeE VIII 


Comparison of affinities of reductase and reductoisomerase of E. coli 
and of N. crassa for their substrates 

















Km values, moles per liter 
Enome sith 
N. crassa E. coli 

a-Keto-$-hydroxyacid reduc- 

Ee, re Tr ee HKV | 1.6 X 10°} 1.4 X 10-‘f 
a-Keto-8-hydroxyacid reduc- 

en OEE aS ee HKI | 3.8 X 10-f} 6.7 x 10°? 
Reductoisomerase............ AHB | 8.1 X 10-4 | 7.25 X 10-* 
Reductoisomerase............ AL 6.5 X 10-* 








* For abbreviations, see footnote 1 in text. 
+ Substrate inhibition at high levels. 


dihydroxy acid also was converted to isoleucine by a freshly pre- 
pared extract of N. crassa, wild type. For this purpose, the fol- 
lowing mixture was incubated for 9 hours at 37° with suitable 
controls: isolated a,8-dihydroxy-8-methylvalerate, 10 umoles; 
extract of N. crassa, 1.0 ml; L-valine, 50 umoles; pyridoxal phos- 
phate, 20 ug; ferrous sulfate, 5 umoles; and Tris buffer pH 8.0, 
450 moles, in a total volume of 10 ml. Isoleucine was identi- 
fied and estimated by paper chromatography according to Giri 
et al. (19); 6.9 wmoles were found. 

By precisely similar methods, the product formed by action of 
the purified reductoisomerase from E. colt on a-acetolactate was 
identified as a ,8-dihydroxyisovaleric acid; none of the isomeric 
product of direct reduction, a,6-dihydroxy-a-methylbutyric 
acid, was formed.” 

The same experiments were performed with a purified fraction 
from N. crassa (Fraction D, Table I) high in the a-keto-8-hy- 
droxy acid reductase, but which also oxidized TPNH in the pres- 
ence of a-acetolactate and a-aceto-a-hydroxybutyrate. In the 
presence of the latter substrates, only a ,8-dihydroxyisovalerate 
and a,@-dihydroxy-6-methylvalerate were formed; no trace of 
the direct reduction products which yield acetaldehyde, together 
with pyruvate or a-keto-butyrate on periodate cleavage,’ was 
found. The reductoisomerase of N. crassa, therefore, like that 
of E. coli, carries out reduction only when accompanied by isom- 
erization. This latter experiment also confirms the conclusion 
drawn from the fractionation experiments, that the reductase 
present in these organisms cannot reduce the a-hydroxy-8-keto 
acids isomeric with its natural substrates, the a-keto-8-hydroxy 
acids. 

From Figs. 3, 6, and 7 the K,, values for their substrates of the 
two enzymes studied here were calculated. These are sum- 
marized in Table VIII. Since the enzyme preparations are far 
from pure and since three of the four substrates tested are racemic 
mixtures, the values are of course only tentative. They demon- 





over platinum oxide at 30 pounds per sq. inch and room tempera- 
ture. In each of several solvent systems tested the reduction 
products migrated identically with the isomeric compounds, 
DHV and DHI. However, on treatment with periodate a,§- 
dihydroxy-a-methylbutyrate yielded pyruvate (detectable on 
paper chromatograms as its 2,4-dinitrophenylhydrazone) and was 
thus readily distinguished from the isomeric DHV, which yielded 
glyoxylate and acetone. Similarly, a,6-dihydroxy-a-ethylbutyr- 
ate, the direct reduction product of a-aceto-a-hydroxybutyrate, 
yielded a-ketobutyrate and acetaldehyde on periodate treatment, 
and was thus readily distinguished from the isomeric DHI, which 
yielded glyoxylate and methyl] ethyl ketone. 
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strate, nonetheless, interesting differences in the behavior of the 
a-keto-8-hydroxy acid reductase from E. coli and that from N. 
crassa toward their substrates. 


DISCUSSION 


The wide distribution of the a-keto-8-hydroxy acid reductase, 
its substrate specificity, and the natural occurrence of its sub- 
strates under some conditions, all point to a specific role of this 
enzyme in metabolism. Whether it participates in reactions 
that normally lead to biosynthesis of isoleucine and valine in vivo, 
however, remains to be decided. The evidence in favor of this 
view consists largely of the facts that (a) its substrates, a-keto- 
8-hydroxyisovalerate and a-keto-8-hydroxy-6-methylvalerate, 
are converted to valine and isoleucine, respectively, by enzymes 
acting in vitro, (b) its substrates replace the requirement for the 
amino acids in certain mutants of EF. coli and of Salmonella that 
require isoleucine and valine,’ and (c) the a-keto-8-hydroxy acids 
accumulate in small amounts in the medium of the Neurospora 
mutant, 16117, which also accumulates large quantities of the 
corresponding a,$-dihydroxy acids. This evidence cannot be 
considered as proof of the postulated relationship. The a-aceto- 
a-hydroxy acid substrates are converted to the dihydroxy acids 
(Step IV, Fig. 1) by one enzyme fraction, the reductoisomerase, 
that is separable from the reductase, and with no evidence of 
formation of intermediate a-keto-6-hydroxy acids (Step II, Fig. 
1). We have made repeated attempts to induce this enzyme to 
catalyze Reaction II by omitting TPNH from the reaction mix- 
ture. Inno case has any formation of the a-keto-8-hydroxy acids 
been observed. The failure of the reductoisomerase to reduce 
a-keto-8-hydroxyisovalerate to the corresponding dihydroxy acid 
also suggests that its action in catalyzing Reaction IV, Fig. 1, is 
not a simple summation of Reactions II + III. 

These results may be interpreted to mean that the reducto- 
isomerase, catalyzing Step IV, is the natural enzyme for the syn- 
thesis of the dihydroxy acids, and that the enzyme with reductase 
activity only is not involved in the formation of isoleucine and 
valine in vivo. Its natural function may be the reduction of hy- 
droxypyruvic acid, a substrate for which it has been shown to 
have activity.* In line with our failure to observe formation of 
any free a-keto-6-hydroxy acids by either of the two enzymes 
studied here, it may be postulated that these acids either (a) are 
not intermediates and hence not formed in this sequence, or (6) 
are formed but normally remain bound to the enzyme surface 
and are not released into the environment except under unusual 
circumstances. 

An alternative explanation which incorporates parts of the 
above interpretation is that the reductase is an artifact resulting 
from the partial degradation of the reductoisomerase which in 
the process loses the isomerase but not the reductase function. 
Various maltreatments of the enzyme, carried out in an attempt 
to test this possibility (e.g. partial heat denaturation, exposure to 
extremes of pH, solution in and precipitation from solutions 
high in urea, etc.) simply reduced its activity without producing 
any of the reductase. However, support for this idea lies in re- 
sults from preliminary experiments which show that a purified 

8 Dr. R. P. Wagner and Dr. H. E. Umbarger, private communi- 
cation. 

® Stafford et al. (20) have described a hydroxypyruvate reduc- 
tase (p-glycerate dehydrogenase) from higher plants; its activity 
on related a-keto-8-hydroxy acids was not examined. It differs 


from the reductase studied here in its specific requirement for 
DPNH. 
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reductoisomerase preparation with no initial reductase (Step ITI) 
activity gradually lost reductoisomerase activity while standing 
at —20° or 8°, and simultaneously gained activity for the reduc- 
tion of a-keto-8-methylisovaleric acid. The reductoisomerase 
activity was partially restored by dialysis of the “degraded” 
fraction against B-mercaptoethanol. Significantly, whereas the 
reductoisomerase activity increased, the reductase activity de- 
creased. 

These considerations indicate that the a-keto-8-hydroxy acid 
reductase activity in crude preparations is either (a) a degraded 
or incompletely formed reductoisomerase, or (6) a reductase with 
a role in metabolism other than the reduction of the postulated 
a-keto-8-hydroxy acid precursors of isoleucine and valine, or 
both. On the basis of the present data, we cannot affirm the 
existence of reductase as such in intact cells, but can be reason- 
ably certain that a reductoisomerase exists which is involved di- 
rectly in the biosynthesis of isoleucine and valine. The role of 
the a-keto-8-hydroxy acids as enzyme-bound intermediates is 
indicated, but not proved. Their formation by rearrangement 
of the a-hydroxy-8-keto acids (Reaction II, Fig. 1) has its model 
in the base-catalyzed rearrangement of acyloins studied by Sharp 
and Miller (21) and by Curtin and Leskowitz (22), which is simi- 
lar to but intermediate in oxidation state between the well known 
benzylic acid and pinacol rearrangements. 


SUMMARY 


Bromination of a-ketoisovaleric acid and a-keto-8-methyl- 
valeric acid and mild hydrolysis of the products yielded a-keto-8- 
hydroxyisovaleric acid and a-keto-6-hydroxy-6-methylvaleric 
acid, respectively. These compounds were characterized via 
their 2, 4-dinitrophenylhydrazones and by oxidative decarboxyla- 
tion with ceric sulfate. 

In the presence of reduced triphosphopyridine nucleotide 
(TPNH), extracts of Neurospora crassa and Escherichia coli re- 
duce these a-keto-8-hydroxy acids to the corresponding dihy- 
droxy acids (Reaction III, Fig. 1). By ammonium sulfate and 
gel fractionation, this a-keto-B-hydrory acid reductase has been 
purified approximately 30-fold from N. crassa and about 9-fold 
from E. coli. The procedure separates this enzyme from a sec- 
ond TPNH-dependent enzyme, termed a-hydroxry-B-keto acid re- 
ductoisomerase, that forms these same two dihydroxy acids by 
isomerization of the carbon chain and reduction of a-acetolactate 
and a-aceto-a-hydroxybutyrate (Reaction IV, Fig. 1). The lat- 
ter enzyme was purified about 70-fold from LZ. coli. 

The reductase from N. crassa functions optimally between pH 
7.0 and 7.5 with TPNH as hydrogen donor; DPNH is utilized 
slightly less effectively. TPNH is not oxidized in the presence 
of pyruvate, a-ketoisovalerate, acetoin, a-acetolactate, or a- 
aceto-a-hydroxybutyrate. At optimal concentrations, a-keto-8- 
hydroxyisovalerate is reduced slightly faster than a-keto- 
B-hydroxy-6-methylvalerate and at about the same rate as 
hydroxypyruvate. The reductase from EF. coli resembles that 
from N. crassa, but functions optimally at a slightly lower pH 
(6.5 to 7.0), shows reversed affinities for a-keto-8-hydroxyiso- 
valerate and a-keto-6-hydroxy-8-methylvalerate, and reduces the 
former substrate at nearly twice the rate of the latter. It also 
reduces hydroxypyruvate rapidly and shows a pronounced prefer- 
ence for TPNH as hydrogen donor. Neither enzyme is lowered 
in cultures grown in the presence of excess valine and isoleucine. 

The reductoisomerases of both N. crassa and E. coli require 
TPNH and Mg?** for activity, function optimally at pH 7.5, and 
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are activated slightly by 6-mercaptoethanol and (in fresh prep- 
arations) by a boiled extract of N. crassa or of E.coli. The en- 
zyme from E. coli acts upon a-aceto-a-hydroxybutyrate about 
eight times as rapidly as upon a-acetolactate, although affinities 
are similar for the two substrates. The products were identified 
as a,$-dihydroxy-$-methylvaleric acid and a,f-dihydroxyiso- 
valeric acid, respectively. None of the direct reduction products 
were found, and no evidence for reversibility of the reaction was 
obtained. All efforts to demonstrate that the reaction occurred 
by a preliminary isomerization of the substrate to an a-keto-8- 
hydroxy acid (Reaction II, Fig. 1) followed by reduction of the 
latter compound (Reaction III, Fig. 1) failed. It is concluded 
that the a-keto-8-hydroxy acids normally are not formed as free 
intermediates in the biosynthesis of isoleucine and valine; if they 
serve any intermediate role in the isomerization-reduction reac- 
tion they normally must remain tightly bound to the enzyme 
surface. No decision is possible at present between this mecha- 
nism and a concerted reaction that would exclude even bound 
a-keto-8-hydroxy acids as intermediates.!° Small amounts of 
a-keto-6-hydroxyisovalerate and a-keto-8-hydroxy-8-methyl- 
valerate were accumulated in the culture medium of N. crassa 
16117, but their occurrence is not adequate evidence for the 
former mechanism, since these could arise by action of enzymes 
not studied here. 
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the experiments demonstrating action of the a-keto-8-hydroxy 
acid reductase on hydroxypyruvate. 
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Evidence has been presented earlier (2, 3) that leucine amino- 
peptidase can degrade about two-thirds of the molecule of mer- 
curipapain, liberating free amino acids, without altering the en- 
zymic activity of the papain when it is reactivated. Although 
several experimental results supported this conclusion, the best 
evidence came from two types of observations: first, new amino 
end groups different from the end group of intact papain, were 
found in the degraded enzyme, and second, amino acid analysis 
of degraded mercuripapain revealed that it was different from 
the native enzyme only by those amino acids liberated by the 
aminopeptidase (3). 

Experiments reported in this paper provide additional evidence 
that mercuripapain can be degraded to an enzymically active 
fragment. Chromatographic procedures were developed which 
have allowed the separation of the active fragment in homogene- 
ous form. The active substance contains approximately 76 resi- 
dues in contrast to the 185 residues of intact papain. The frag- 
ment also differs from intact papain in chromatographic behavior, 
in ultraviolet absorption spectrum, amino end group, electro- 
phoretic mobility, and molecular weight. Although the specific 
activity of the degraded enzyme is about 3 times that of intact 
papain, both kinds of enzyme have an identical substrate speci- 
ficity and show similar behavior with respect to denaturation by 
heat, acid, or urea. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Leucine aminopeptidase was isolated from swine kidney (4, 5). 
Activity was estimated at 40° with 0.05 m leucinamide as sub- 
strate at pH 8.5 in Tris buffer containing 0.005 m MnCl, (5). 
All activities are expressed in terms of the proteolytic coefficient, 
C;, calculated as previously described (5). Before they were 
used for degradation of mercuripapain, all aminopeptidase prepa- 
rations were treated with diisopropylfluorophosphate to inhibit 
traces of kidney cathepsins which might be present (4). The 
molar quantity of active enzyme in all preparations was esti- 
mated on the assumption that pure enzyme has a C, = 88 and 
a molecular weight of 300,000 (6). 

The limiting factor in the extent to which experiments with 
aminopeptidase can be performed is the availability of this en- 
zyme. Preliminary studies showed that mercuripapain could be 
degraded to the same extent by aminopeptidase preparations 


* This investigation was aided by research grants from the 
National Institutes of Health, United States Public Health Serv- 
ice. A preliminary report of this work has been presented (1). 


with a C; of 30 to 90, if aminopeptidase was purified at the final 
step by zone electrophoresis on starch columns (4, 5). This 
finding was useful in that the relatively large quantities of amino- 
peptidase required for maximal degradation of mercuripapain 
could be obtained by pooling fractions from the starch column 
which yielded final preparations with C, of 35 to 40. 

Mercuripapain was prepared by a modification of the proce- 
dure of Kimmel and Smith (7). Enzymic assays were performed 
at pH 5.2 in 0.01 m acetate buffer with 0.05 m a-benzoyl-.-ar- 
gininamide as substrate. Activities are expressed as C; and were 
calculated in the same manner as described for leucine amino- 
peptidase. Assay for papain in fractions obtained from chro- 
matographic columns was performed by a ninhydrin procedure 
(8) under essentially the same conditions as described for the 
titrimetric assay. It should be re-emphasized that aminopepti- 
dase does not hydrolyze benzoyl--argininamide, and that assays 
performed with this substrate reflect only the presence of papain 
or its active degradation products. 


RESULTS 


Extensive Degradation of Mercuripapain 


In previous studies (2, 3) it was shown that mercuripapain 
could be hydrolyzed to varying degrees in 24 hours, the extent 
depending on the molar ratio of the mercuripapain to the amino- 
peptidase in the hydrolysis reaction. At ratios between 145 and 
165, approximately 20 amino acid residues were liberated per 
mole of mercuripapain, whereas at ratios between 20 and 30, 50 
to 70 residues were removed. At ratios of 20 or less, more ex- 
tensive hydrolysis was observed. Thus, it seemed desirable to 
examine the nature of the digestion at even lower molar ratios 
in order to determine whether extensive degradation resulted in 
either a decrease in the activity of the degraded material or could 
produce a fully active, small molecule. For this purpose experi- 
ments were performed under digestion conditions in which the 
molar ratio of mercuripapain to leucine aminopeptidase was less 
than 20. 

In a typical experiment, 89 mg of aminopeptidase (C; = 40; 
0.133 umole) were incubated at 40° with 0.005 m MgCl, in 0.01 
m Tris buffer at pH 8.5. A solution containing 12 mg (0.6 
umole) of mercuripapain was added and the mixture was incu- 
bated for 24 hours at 40°. Hydrolysis was estimated by analyz- 
ing aliquots of the reaction mixture with the ninhydrin reagent 
of Moore and Stein (9). Other aliquots were activated with 
cysteine and ethylenediaminetetraacetate and assayed with a- 
benzoyl-L-argininamide. A summary of the results of this ex- 
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periment (Preparation 1) is presented in Table I with other ex- 
periments of similar design. The extent of hydrolysis, as judged 
from the increment in ninhydrin-reactive material over the 24- 
hour reaction period, yielded a value of 263 moles of amino acid 
liberated per mole of mercuripapain. It is apparent that this 
value is meaningless because intact papain contains only 185 
amino acid residues per mole. Indeed, with only three excep- 
tions, all of the values given in Table IJ for the extent of hydrolysis 
are equal to or in excess of the number of residues in papain and, 
therefore, cannot be used for this estimation. These high values 
can be explained by assuming that there is a transient activation 
of some of the mercuripapain; this is produced by the amino 
acids, including cysteine, which are liberated from the papain. 
The active papain would then be able to hydrolyze peptide bonds 
in the aminopeptidase preparations.2. This would, in turn, liber- 
ate peptides which can be rapidly degraded by the aminopepti- 
dase to free amino acids. 

Inasmuch as no more than a 12% loss in papain activity was 
observed in any of the reported experiments regardless of the 
apparent extent of hydrolysis, it is clear that it is not possible 
by this method to degrade mercuripapain sufficiently to destroy 
its proteolytic activity. This finding indicates the presence of 
structural features in the papain molecule which prevent further 
hydrolysis by the aminopeptidase. Inasmuch as the aminopep- 
tidase can act only at a peptide bond adjacent to a free amino 
group, the enzymically active region of papain must be carboxyl 
terminal to the portion of the molecule which blocks the action 
of the aminopeptidase. 


Purification of Degraded Mercuripapain 


In order to characterize further the active fragment, it was 
necessary to develop methods for separating it from the reaction 
mixtures described in Table I. In the development of these 
methods, advantage was taken of observations that either papain 
(11) or degraded papain (3) is absorbed by IRC-50 which has 
been equilibrated with 0.1 m sodium phosphate buffer at pH 6.2, 
whereas aminopeptidase is not held by the resin under these 
conditions. Fig. 1 shows for Preparation 3 the three stages of 
the chromatographic isolation based on these considerations. 

Before chromatography, the reaction mixture was exhaustively 
dialyzed against distilled water in order to remove amino acids, 
salts, ete. The solution was then equilibrated by dialysis against 
0.1 m sodium phosphate buffer at pH 6.2. The sample was 
applied to a 1.3- X 73-em column of IRC-50 previously equili- 
brated with the same buffer, and the column was developed by 
gravity flow with the above phosphate buffer at room tempera- 
ture at a rate of 5to 6 ml perhour. Eluate fractions of 1 to 3 ml 


1 Although earlier analyses (10) indicated that papain con- 
tains 180 amino acid residues, more recent studies have demon- 
strated that there are probably 185 residues in the protein, viz. 
one more residue each of histidine, arginine, lysine, leucine, and 
isoleucine than reported earlier. R. L. Hill, J. R. Kimmel, W. 
R. Schmidt, and E. L. Smith, unpublished studies. 

2 We do not feel that the liberation of excessive numbers of 
amino acid residues, 7.e. numbers greater than 109, the difference 
between 185 and 76 (the average number of residues in the ac- 
tive fragment, see below), can be derived primarily from pa- 
pain because of the excellent recovery of papain activity in the 
experiments listed on Table I. Moreover, analysis was performed 
in a few cases on the total amino acids liberated. There ap- 
pears to be no need to present these results other than to note 
that the quantity of certain amino acids was greater than ex- 
pected from complete digestion of papain. 


R. L. Hill and E. L. Smith 


TaBLE I 
Hydrolysis of mercuripapain by leucine aminopeptidase 

Mg**-activated leucine aminopeptidase (LAP) was incubated 
at 40° in 0.01 m Tris buffer at pH 8.5 with mercuripapain (MP), 
at the molar ratio of aminopeptidase to mercuripapain indicated. 
Aliquots of the reaction mixture were analyzed with ninhydrin 
reagent throughout the 24-hour incubation in order to determine 
the extent of hydrolysis as leucine equivalents per mole of mer- 
curipapain. Additional aliquots were activated with cysteine 
and ethylenediaminetetraacetate and assayed with benzoyl-t- 
argininamide. 





















































. C1 
Preparation ite MP Hews ated 
LAP MP (0 hr)|MP (24 hr) 
moles /mole mg moles/mole 
1 3.6 12 40 1.42 1.25 263 
2 3.6 12 35 1.42 1.26 252 
3 6 20 40 1.70 1.70 190 
4 7 20 40 1.20 1.20 185 
5 10 30 40 1.20 1.20 156 
6 14 12 35 1.55 1.55 191 
7 15 12 35 1.65 1.45 215 
8 15 40 35 1.43 1.38 127 
9 18 40 35 1.4 1.3 160 
10 18 40 40 1.6 1.6 185 
i T T T 
pH 7.2;0.3M POg—___» 
Z 
€ 4 
° 
a 
~ fe) 1 ne iL i 
= 40 8680 120 60 200 240 
Zoze ! ' " aec’ 
WwW pH6O 
S 0.2M POg * 
a 02+ 0.10- 4> 
o i 
a > 
3 OIF 005 45 
a 
0 














4 l 
20 40 60 80 40 60 80 
TUBE NUMBER 

Fie. 1. Chromatographic separation of Preparation 3 degraded 
mercuripapain on IRC-50. A. Chromatography of a mixture of 
degraded enzyme and leucine aminopeptidase on 1.3- X 73-cm 
column of IRC-50 with 0.1 m sodium phosphate buffer at pH 
6.2. At Tube 85 the elution buffer was changed to 0.3 m sodium 
phosphate buffer at pH 7.2. Flow rate 5 to 6 ml per hour; 3-ml 
fractions were collected per tube. B. Rechromatography of frac- 
tions in A between Tubes 100 and 260. The same procedures 
were used as described in A except that the column was devel- 
oped with 0.2 m sodium phosphate buffer at pH 6.0. C. Re- 
chromatography of fractions in B between Tubes 36 and 60 un- 
der the same conditions as those described in B. 


were collected with the aid of an automatic fraction collector. 
The protein content of each fraction was estimated by measuring 
the absorption at 280 my in a Beckman model DU spectro- 
photometer. When protein was no longer observed in the eluate 
fractions, the eluting buffer was changed to 0.3 m phosphate at 
pH 7.3. This buffer displaces the remaining protein from the 
column. When aliquots of the fractions were assayed with a- 
benzoyl-L-argininamide as substrate, it was found that active 
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Fig. 2. Chromatography of intact papain and of active frag- 
ment on IRC-50. The chromatographic procedures were iden- 
tical to those described in B with the exception that 1.8-ml frac- 
tions were collected per tube. Two separate experiments were 
performed on the same column, one with the isolated fragment 
and the other with intact enzyme. 


enzyme emerges only after the buffer change. The protein 
emerging with the first buffer appears to be derived from the 
leucine aminopeptidase, although this cannot be judged by assay 
since the conditions of chromatography inactivate this enzyme. 
The irregular curve of papain activity is undoubtedly the result 
of some contamination by inert protein and of distortion pro- 
duced by shrinkage of the resin after the change to the buffer 
of higher pH and salt content. 

Further purification was achieved by pooling the fractions be- 
tween Tubes 100 and 260 (Fig. 1A) and dialyzing to remove salts. 
The preparation was lyophilized, equilibrated against 0.2 m phos- 
phate buffer at pH 6.0, and rechromatographed on an IRC-50 
column of the same dimensions as before. The protein emerging 
from the column was collected and assayed as described above. 
The results are shown in Fig. 1B. It is apparent that additional 
inert material can be removed and that activity is present in two 
discrete peaks. Furthermore, activity of the fractions in Tubes 
40 to 80 is almost directly proportional to the protein concen- 
tration. This suggests that these fractions contain nearly homo- 
geneous material. 

Rechromatography of fractions from Tubes 36 to 60 under the 
same conditions results in a single peak emerging at the same 
position as found at the preceding chromatographic step (Fig. 
1C). Furthermore, there is a constant ratio between protein 
concentration and hydrolytic activity toward benzoyl-L-arginin- 
amide characteristic of a highly purified enzyme. The final 
yield of enzymic activity was 17% of that of the papain used for 
degradation by aminopeptidase. In other experiments the yield 
ranged from 10 to 20%. 

Fig. 2 shows for comparison the chromatographic behavior of 
the extensively degraded active material and of intact papain on 
the column equilibrated with 0.2 m sodium phosphate buffer at 
pH 6.0. The observed difference in the point of emergence of 
the two proteins demonstrates clearly that they do not have 
the same behavior and that intact papain emerges later than the 
active fragment from such a column. In the experiments illus- 
trated in Fig. 1, B and C, as well as in all others performed under 
the same conditions, no significant amount of enzymic activity 
could be detected in the region where intact papain would emerge. 
Hence it is evident that essentially all of the papain is degraded 
by the aminopeptidase. It is also noteworthy that the small 
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active peak, present in Fig. 1B, must represent a different stage 
of degradation than the major peak of activity. Because insuffi- 
cient amounts of material were available, this was not studied 
further. It may be noted that the secondary active peak was 
present in variable amount in most but not all preparations. 

Many preparations, including all of those listed in Table I, 
were chromatographed by these procedures. In each case a 
similar protein concentration-activity pattern was obtained, re- 
gardless of the apparent extent of hydrolysis estimated during 
the degradation by the ninhydrin procedure. 


Chemical Properties of Degraded Mercuripapain 


Amino Acid Composition—The amino acid composition of sev- 
eral different preparations of the chromatographically purified, 
active fragment has been determined. Hydrolysis was per- 
formed under reduced pressure for 24 hours at 110° in 3 times 
glass-distilled 6 N HCl. Table II presents the results of these 
analyses. 

Each analysis represents a single determination on the prepa- 
ration indicated. Hydrolysates of Preparations 3 to 6 were 
analyzed by the ion exchange chromatographic procedure of 
Moore et al. (13), as modified by Kimmel and Smith (14), whereas 
Preparations 8 and 9 were analyzed on the automatic recording 
analyzer of Spackman et al. (15). The latter method was per- 
formed with the Spinco model MS automatic amino acid ana- 
lyzer. These two methods of analysis, although inherently the 
same, have somewhat different levels of precision for small quan- 
tities of amino acids. For example, the system of Kimmel and 
Smith (14) often results in errors caused either by base-line irregu- 
larities, or by insufficient and variable resolution of individual 
amino acids. Also, errors can be introduced during the manual 
method of ninhydrin development. The automatic recording 
system does not have these limitations and is more accurate. 
For these reasons, the average results for those analyses per- 
formed in the two different systems are reported separately. 

Some of the data obtained in these analyses require additional 
comment. Preparations 3 to 6 were oxidized with performic acid 
before hydrolysis. This permitted cysteine and cystine to be 
estimated as cysteic acid. Because the recovery of cysteic acid 
is only 85% of theory in the case of intact papain (12), a 15% 
correction has been applied to the values found. None of the 
other values was corrected for destruction which might have oc- 
curred during the acid hydrolysis. Low recoveries might be 
expected for serine and threonine which are particularly labile 
during acid hydrolysis; however, because the analyses, when 
compared to one another, showed average deviations which are 
of the same order of magnitude as any correction which might 
be applicable, it was felt to be unnecessary to employ such fac- 
tors. 

Insufficient material was available for moisture, nitrogen, and 
ash analyses of the various preparations. Consequently, the 
number of residues of each amino acid per mole of enzyme was 
calculated on the assumption that the degraded enzyme con- 
tained only one histidine residue. Thus, the micromolar yield 
of histidine in each analysis was arbitrarily taken as equivalent 
to one residue. This should give a reasonable estimate since it 
is now recognized! that papain contains two residues of histidine, 
one of which is removed during the degradation by the amino- 
peptidase. This method of calculation also provides good reason 
for reporting the analyses in two groups in that histidine is very 
susceptible to the problems of resolution indicated above. For 
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R. L. Hill and E. L. Smith 


TaBLeE II 
Amino acid composition of extensively degraded mercuripapain 
Each value given for Preparations 3 to 9 represents a single determination. Values for cysteic acid were obtained after oxidation 
with performic acid and are corrected for the 15% loss which is estimated to occur (12). Where values are omitted either no deter- 
mination was made (cysteic acid and tryptophan) or no estimate was possible because of poor resolution or accidental loss as in the 
case of four amino acids with Preparation 4. Average values are given with average deviations. The single tryptophan determination 


was made spectrophotometrically (see below). 














¢ 3 Preparation Average Average Assumed | Itact 

Amino acid : : : ‘ | : I — prersry _ — papain 

Cysteic acid.............. 2.7 3.3 2.8 2.8 2.9 + 0.2 3 6 
Aspartic acid............... 5.5 5.8 6.3 | 6.9 6.4 7.3 6.1 +0.5/}6.9 + 0.5 6 17 
TWRIGOTHOD. . «. 5oscces wes 2.1 1.6 2.4 3.2 3.9 3.0 2.34 0.5/3.440.5 3 7 
epee ay Spaeth go. 4.2 3.7 5.0 | §.1 5.6 4.0 4.5 + 0.6 | 4.8 + 0.4 5 11 
Glutamic acid............ 7.3 6.8 6.8 | y ipa 7.8 7.5 7.0 + 0.2 | 7.6 + 0.2 7 17 
| Aa ain, ghlibebats Spemne 5.5 3.8 3.9 5.5 6.6 4.4 + 0.7 /| 6.1 + 0.6 6 9 
a ea a FRAN 8.3 10.2 10.6 10.6 9.5 8.5 9.9+0.8/);9.0+0.3 10 23 
SamMRI ES 5.2 4.9 5.5 5.5 4.4 5.0 5.1 + 0.3 | 4.7 + 0.3 5 13 
Weiss) oot. fo. Bau 5.7 3.8 6.8 6.8 5.8 5.3 + 0.9 | 5.8 5 15 
MORN. 5S a14 5c. Soars dct 3.6 3.8 3.8 4.7 3.3 3.9 + 0.3 | 4.0 + 0.7 4 10 
Se eee ae 4.5 6.5 6.5 4.8 5.5 + 0.7 | 4.8 5 10 
je eee One ee 3.7 3.7 3.7 4.0 5.2 3.7 + 0.1 | 4.6 + 0.6 4 17 
Phenylalanine............ 1.8 1.6 1.6 2.0 2.4 1.8 + 0.3 | 2.2 + 0.2 2 4 
ee ee ee 3.5 4.4 4.2 4.2 4.6 4.2 3.8 + 0.7) 4.4 + 0.2 4 9 
ee Oriel + 3.0 1.7 2.4 2.4 4.4 4.4 2.441.114.4240 4 10 
NINN co 0.05 7.3C cibon ree 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1 2 
TEPER SS ors oe | 2.1 2.1 2 5 
Total number | 76 185 
































this reason, the analyses of Preparations 3 to 6 might be less 
accurate than those for Preparations 8 and 9. 

Both methods of analysis gave identical results for several 
amino acids, viz. serine, alanine, isoleucine, phenylalanine, and 
lysine. Values for other amino acids agree to within one residue 
per mole with the exception of those for proline and arginine. 
These last amino acids are especially difficult to estimate by the 
less precise manual ninhydrin method because estimates for both 
are particularly susceptible to errors introduced by base-line 
irregularities, especially when they are present in small amount. 
In addition, proline gives a low color yield with the ninhydrin 
reagent used for its estimation. Arginine values are often low 
because this amino acid emerges as a broad peak which is diffi- 
cult to measure precisely. For these reasons, values for proline 
and arginine obtained with Preparations 8 and 9 are believed to 
be more nearly correct. Cysteic acid was estimated only by the 
less precise method; however, estimates of this amino acid are 
not subject to most of the analytical difficulties discussed above, 
and indeed the yield shows an average deviation of only 0.2 
residue per mole in the four analyses. 

By taking these factors into account it has been possible to 
arrive at a reasonable estimate of the number of amino acid 
residues per mole of degraded papain. These values and the 
number of residues per mole for intact papain! are given in the 
last two columns of Table II. Thus the enzyme fragment con- 
tains 76 residues representing a calculated molecular weight of 
8,375. This is in contrast to intact papain which has a molecu- 
lar weight of 20,583, calculated from the estimated 185 residues 
per mole. 

Amino End-group Analysis—Thompson (16) has shown that 
dinitrophenylisoleucine is the only a-dinitrophenyl amino acid 


obtained in stoichiometric amount after treatment of mercuri- 
papain with fluorodinitrobenzene. When mercuripapain which 
had been degraded by leucine aminopeptidase to the extent of 
20 to 36 residues per mole was examined, no dinitrophenyliso- 
leucine could be detected although new amino end groups ap- 
peared (3). 

With the limited supply of active fragment available, the 
phenylisothiocyanate method of Edman (17) was used in an at- 
tempt to obtain information concerning the amino-terminal end 
of the fragment. The paper strip modification of this method 
(18) was used on Preparation 9. Only the phenylthiohydantoin 
derivative of aspartic acid could be identified when an aliquot 
was examined by paper chromatography in Solvent A of Edman 
and Sjéquist (19), although some additional iodine-azide reactive 
material remained at the origin of the chromatogram. 

After the first step of analysis, the degraded enzyme was car- 
ried through the same procedure as before for identification of 
the second amino acid in the fragment. The only compound 
present was proline phenylthiohydantoin which was identified 
by paper chromatographic analysis in Solvents A (19) and F 
(20). When the third step of the Edman analysis was performed 
there were several phenylthiohydantoin derivatives present in 
small amount; however, the derivative of glycine seemed to be 
present in largest quantity when Solvents A and F were used. 

These results suggest that the amino-terminal sequence of the 
fragment is Asp.Pro.Gly.. This finding is regarded as tentative 
because of the limited quantity of fragment used and because it 
has not been possible as yet to perform such a study on another 
preparation. 

In a parallel experimeat, performed at the same time, intact 
papain was examined by the paper strip method. Clearly the 
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Fic. 3. Electrophoretic migration on paper of intact mercuri- 
papain and fragment as a function of pH. 


first residue was isoleucine, which was identified as its phenyl- 
thiohydantoin derivative on paper chromatography in Solvents 
A and F. The second residue was proline when examined in 
these same two solvent systems. The third stage of analysis 
yielded the phenylthiohydantoin of glutamic acid in largest 
quantity although a smaller quantity of the phenylthiohydantoin 
of serine was also present. This result confirms the N-terminal 
sequence obtained by Thompson (16) with the fluorodinitroben- 
zene method. Also this result is clearly different from that ob- 
tained by the analysis of the active fragment. 


Physical Properties of Extensively Degraded Mercuripapain 


Ultracentrifugal Analysis*—Because the solubility of the active 
fragment was very low, ultracentrifugal analysis could not be 
made at favorable protein concentrations. In spite of this diffi- 
culty, the molecular weights of Preparations 3 and 4 were esti- 
mated by the approach to sedimentation equilibrium method of 
Archibald (21), as described by Schachman (22). These studies 
were conducted in a Spinco model E ultracentrifuge equipped 
with a slow speed attachment and a special phase plate as the 
schlieren diaphragm. Several experiments which were per- 
formed at pH 4 in 0.1 m acetate buffer and at pH 8.5 in 0.1 m 
Veronal buffer yielded molecular weights in the range of 4,500 
to 9,000. Each analysis, however, was performed at a protein 
concentration of 0.5% or less, concentrations which do not permit 
precise analysis of the patterns. Instead of the optimal 80° an- 
gle for the schlieren diaphragm, usually recommended (22), the 
concentration gradients had to be estimated at 60° and 70°. 

Although these results did not yield a precise measurement of 
the weight of the fragment, the values obtained are in the range 
calculated from the amino acid composition and the specific ac- 
tivity determination (see below). Clearly these results definitely 
show that the fragment is of much lower molecular weight than is 
the intact enzyme. 

The method of ultracentrifugal analysis used above, when per- 
formed at optimal concentrations (1 to 2%), yields excellent 
molecular weight estimates. For example, at pH 8.5, the oxi- 
dized A-chain of insulin (23) gave a value of 2,380 compared to 
a theoretical molecular weight of 2,532; crystalline glucagon (24), 
at pH 9.5 in glycine buffer, gave a molecular weight of 3,440 
compared to a theoretical value of 3,482. 


* The authors wish to thank Mr. Douglas M. Brown for per- 
forming the ultracentrifugal analyses. 
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Electrophoretic Analysis—Analysis was performed by paper 
electrophoresis in a Spinco model R apparatus on 3 cm wide 
strips of Whatman 3MM paper at 5 ma and 50 volts for 17 hours 
at room temperature. Intact mercuripapain was run simul- 
taneously for comparison. Univalent buffers at pH values of 
4.0, 7.5, 8.4, and 9.6 were used at 0.1 ionic strength. The results 
are shown in Fig. 3 which gives the net migration of both intact 
papain and the fragment in centimeters per hour as a function 
of pH. 

Three features of these results deserve comment. First, at 
the four pH values used, papain and the fragment migrated as 
single bands; this provides additional evidence as to the homo- 
geneity of the fragment. Second, papain and the fragment have 
nearly the same isoelectric range although exact isoelectric points 
cannot be obtained by this technique. Third, both kinds of 
enzyme have nearly the same net charge at pH values above the 
isoelectric region, but not in the acidic range. This indicates 
small but significant differences in the acid-base properties of the 
two enzymes, and, indeed, aids in explaining why the fragment 
does not behave in the same manner as intact papain when it is 
chromatographed on IRC-50. 

Ultraviolet Absorption Spectrum: Tryptophan Analysis‘—The 
ultraviolet absorption spectra of intact papain and of fragment 
(Preparation 9), measured at pH 5 and pH 12.4 in an automatic 
recording Cary spectrophotometer model 14, are shown in Fig, 
4, A and B. There appears to be no difference between the 
spectra obtained at pH 5, both curves showing a maximal ab- 
sorption at 2784 A; however, the spectra obtained at pH 12.4 
(0.02 Nn NaOH) are markedly different from each other. Both 
spectra show a shift to higher wave lengths in alkali, the intact 
papain exhibiting a maximum at 2895 A with a shoulder near 
2850 A, whereas the fragment shows a maximum at 2800 A with 
a shoulder near 2900 A. The absorption at 2895 to 2900 A is 
due to tyrosine and that at 2800 to 2850 A to tryptophan. 

When the curve for papain, obtained after 1 hour at pH 13, 
was analyzed by the method of Bencze and Schmid (25), it was 
found that the amount of tyrosine was 16.7 + 0.2 residues per 
mole and the amount of tryptophan was 4.80 + 0.05 residues 
per mole. These results are in excellent agreement with earlier 


studies which showed that papain contains 17 tyrosine and 5 


tryptophan residues (10). 

Since the absolute extinction coefficient of the fragment of 
papain is unknown, only a ratio could be computed from the 
absorption curves. The results indicated the presence of almost 
exactly twice as much tyrosine as tryptophan. The average 
results in Table II show that the fragment contains 4 residues 
of tyrosine; hence, 2 residues of tryptophan are present in the 
fragment. This result is consistent with the observation (3) that 
only 1 residue of tryptophan is liberated from mercuripapain 
when about 72 residues per mole are removed from the amino- 
terminal end of the molecule. 


Enzymic Properties of Active Fragment 


Specific Activity—Estimation of the specific activity of the 
fragment was made by titrimetric or ninhydrin procedures. 
Preparation 9 was purified as rapidly as possible and care was 
taken to avoid all possible inactivating conditions. The data 
given in Table III indicate that hydrolysis of the substrate fol- 
lows first order kinetics and the average C, is 3.4. Although this 


4 We wish to thank Mr. A. N. Glazer for his assistance in per- 
forming these determinations. 
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Fic. 4. Ultraviolet absorption spectra of intact mercuripapain 


and fragment at pH 5 and pH 12.4. A. The spectra of the frag- 
ment. B. The spectra of intact mercuripapain (0.34 mg per ml). 





TaBLeE III 
Hydrolysis of a-benzoyl-L-argininamide by extensively 
degraded papain 

Substrate at 0.05 m acetate buffer at pH 5.2 containing 0.01 m 
cysteine and 0.001 m ethylenediaminetetraacetate was incubated 
at 40° in a final volume of 2.5 ml with 0.7 wg protein N per ml 
(Preparation 9). Protein content was estimated by a turbido- 
metric method (26). 








os Time Hydrolysis | K: X 10-* C1 
mg protein N/ml min % sec} 

0.0007 20 10.2 2.5 3.5 

40 18.5 2.3 3.2 

60 29 2.5 3.5 

80 36 2.4 3.3 

















assay is probably accurate only to the extent of +10%, it is 
sufficiently precise for comparative purposes with intact papain 
assayed in the same manner. A specific activity of 3.4 corre- 
sponds to a molecular weight of 8,500 since undegraded Prepara- 
tion 9 had a C, = 1.4 and a calculated molecular weight of 20,583. 
Two other preparations, 3 and 5, for which similar assays were 
performed, gave C, values of 3.7 and 2.4, respectively; these val- 
ues yield calculated molecular weights of 9,500 and 10,300 by 
the method given above for Preparation 9. The average molecu- 
lar weight for the three preparations is 9,400. This estimate for 
the fragment is in reasonable accord with the value 8,400 calcu- 
lated from the amino acid composition. 

It should be recalled, however, that the C; for papain reflects 
not only the size and purity of the preparation but also inactiva- 
tion caused by alteration of the active site. Indeed, such inacti- 
vation has been reported for native papain (11). Major physi- 
cal and chemical parameters such as molecular weight, amino 
acid composition, antigenicity, and electrophoretic mobility all 
appear to be the same for papain preparations with a range of 
C, values from 0.7 to 1.8 (11, 27). Hence, the observations of 
an average molecular weight for the fragment higher than ex- 
pected, or of an average C:, somewhat lower than expected, are 
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not inconsistent with other observations, but are probably due 
to inactivation produced during the handling required for purifi- 
cation. 

Substrate Specificity—The relative activity of the degraded en- 
zyme compared with that of intact papain has been estimated 
with four synthetic substrates. The results obtained with Prepa- 
ration 10 are given in Table IV. It is evident that within the 
precision of these measurements, no alteration of the specificity 
of the degraded enzyme could be found. Similar results have 
been reported earlier for enzyme preparations which were less 
extensively degraded (3). 

Stability to Heat, Acid, and Urea—It has been shown that 
papain is inactivated at high temperatures (27), at low pH (28), 
and at high urea concentrations (29). The effect of these condi- 
tions on the fragment in comparison with intact papain has been 
determined; the results are summarized in Table V. No signifi- 


TaBLe IV 
Substrate specificity of degraded mercuripapain 

Each assay mixture contained 0.05 m substrate, 0.001 m ethyl- 
enediaminetetraacetate, 0.05 m acetate buffer, pH 5.2, and 0.05 
M cysteine. Enzyme was added to start the reaction. The hy- 
drolysis was followed at 40° titrimetrically (7). The activities of 
the enzymes are reported as the relative rate of hydrolysis, de- 
fining the rate of hydrolysis of benzoylargininamide as 100. 














be Degraded 
Substrate* pon (Preparation 
a-Benzoyl-L-argininamide............... 100 100 
Carbobenzoxy-t-glutamic acid diamide. . 37 40 
Benzoylglycinamide..................... 7.7 y Pe | 
Carbobenzoxy-t-histidinamide.......... 5.4 5.4 





* Substrates were prepared as previously described (3). 


TABLE V 

Stability of degraded and intact papain to heat, urea, and acid 

The enzymes were assayed with a-benzoyl-L-argininamide as 
substrate as described in Table IV. Aliquots of either papain or 
fragment (Preparation 10) were treated in parallel as follows. 
Heat inactivation was performed by incubating solutions sepa- 
rately in a boiling water bath (95°) for 2 minutes, followed by 
chilling immediately to 5°. The enzymes were assayed immedi- 
ately. Acid inactivation was achieved by adding 0.1 n HCl to 
aliquots of the enzyme solutions so as to bring them to pH 2. 
After 2 minutes at room temperature, the solutions were neutra- 
lized to pH 7 with 0.1 n NaOH and assayed. Urea inactivation 
was produced by adding the enzymes to an assay reaction mixture 
which contained sufficient urea to bring the urea concentration to 
either 0.5 m or 1.0 m. Activities are expressed as the relative 
rate of hydrolysis compared to that of the untreated controls. 











Relative rate of hydrolysis 
Treatment 
Intact papain| Fragment 
% % 

pO RRO ee aR tise 100 100 
RE IS i. 6 0.6.0 dics 0 a an wae a Oe 47 53 
WINE MI. von ccc s 0c dices erase seen 17 25 
po rere k ire pit ees, fs 0 0 
ME A 5 asc cwcinek Oaenedaa Cen ee 0 0 
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cant differences were found for the stability of the fragment and 
intact enzyme. 

These data are significant in that they indicate a requirement 
for a three-dimensional structure for the degraded enzyme despite 
its smaller size. 


DISCUSSION 


With the lesser amounts of aminopeptidase which were used 
in earlier studies (3) it was demonstrated that the liberated 
amino acids plus the composition of the residual papain added 
up to the original composition. In the present study the objec- 
tive was to degrade the mercuripapain as extensively as possible. 
In order to achieve this, the amount of protein in the amino- 
peptidase preparation was 2 to 10 times the amount of mercuri- 
papain used as substrate. Under these circumstances, as already 
mentioned above, large amounts of amino acids were derived 
from the aminopeptidase preparations. Nevertheless, this did 
not interfere with the isolation of an active fragment whose prop- 
erties appear to be independent of the conditions of the experi- 
ment. This is shown most strikingly by the fact that the major 
amount of active material exhibited identical chromatographic 
behavior and, most important, in the six cases in which the puri- 
fied fragment was analyzed, the amino acid composition was 
found to be the same within the experimental limits of these 
determinations. 

These results demonstrate both the adequacy of the method 
used for purification and its reproducibility. Moreover, one 
must conclude that, whatever the features of the papain molecule 
which prevent further degradation by aminopeptidase, this action 
appears to stop at a very definite place in the single peptide chain 
of the papain molecule. This is indicated not only by the afore- 
mentioned identity of amino acid composition, but by the finding 
that it has been impossible to effect any substantial decrease of 
papain activity. The small losses occasionally encountered are 
no greater than would be expected when mercuripapain is incu- 
bated for 24 hours at 40°. 

There appear to be two possible reasons that the action of the 
aminopeptidase would cease. First of all, the only known type 
of amino acid sequence which effectively impedes the action of 
the aminopeptidase, other than the presence of a D-amino acid 
residue, a possibility which cannot be seriously considered, is the 
presence of a peptide bond involving the nitrogen of a proline 
residue (30). The results indicate that the residue next to the 
amino-terminal residue of the fragment is indeed a proline resi- 
due. We cannot be certain, however, that this is a satisfactory 
explanation inasmuch as the data indicate that the aminopepti- 
dase has been able to liberate three proline residues before its 
action has ceased at the fourth one. Indeed, it may be recalled 
that the second residue from the amino-terminal end of the 
papain molecule is proline (16) and the enzyme has no difficulty 
with this portion of the molecule. Furthermore, Residue 24 from 
the amino-terminal end is also proline’ and the aminopeptidase 
can readily penetrate this position also. 

A second possible reason that the action of the aminopeptidase 
ceases where it does, may be found in earlier observations in 
which many proteins are not susceptible to hydrolysis by the 
aminopeptidase unless the three-dimensional structure of these 
proteins is altered in such a way that the molecules are effec- 
tively unfolded (4). It is possible, therefore, that the folded 


5 A. Light and E. L. Smith, unpublished observations. 
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structure of this portion of the native papain molecule prevents 
further action by the aminopeptidase. 

The high proline content (6 of 76 residues or 7.0 weight per 
cent) in the fragment is particularly interesting. One might 
expect this amount of proline, if distributed statistically in the 
peptide chain, to limit the helical content of the fragment. In- 
deed, it has been estimated that proline, when present in a pro- 
tein to the extent of about 8%, deforms the primary structure 
into a random coil (31). Certainly little evidence is available 
that a helical conformation is necessary for enzymic activity, 
but on the other hand, these results, as well as those of Dixon 
et al. (32) with trypsin suggest that a helical conformation might 
not be necessary in an active site of an enzyme. 

A major concern in this investigation has been to obtain as 
much proof as possible that the isolated fragment has been ob- 
tained in pure form and is different from the intact papain mole- 
cule. There is no need to recapitulate all of the evidence which 
has been presented above in the experimental section. Although 
the very small quantities of available material have limited these 
studies, the results reported above indicate that our objectives 
have been reasonably fulfilled. Among the more important re- 
sults is the amino acid composition of the active fragment which 
shows certain striking features. First of all, the presence of only 
three half-cystine residues in the fragment as compared to six in 
the intact molecule is of interest since clearly one of these three 
residues must provide the thiol group which is known to partici- 
pate in the active site of the enzyme (11, 27, 33). The amino 
acid present in smallest amount in the fragment compared to 
intact enzyme is tyrosine. It has been suggested many times 
that the bonding of the phenolic side chain of this amino acid 
contributes greatly to the stabilization of proteins. Although 
it is unknown whether tyrosine residues play such a role in 
papain, it is clear that the majority of these residues is not 
essential. 

Work has been in progress in this laboratory for some time in 
an attempt to determine the complete amino acid sequence of 
papain (34-36). Although this work is still incomplete, its 
successful conclusion should permit, in conjunction with studies 
of the active fragment, a careful assessment of dispensable and in- 
dispensable features of the enzyme molecule. Indeed, knowledge 
of the composition of the fragment is aiding in preliminary as- 
signment of certain major peptide sequences to the amino- or 
carboxyl-terminal regions of the molecule. 

The sequence tentatively identified as being amino terminal 
in the fragment is Asp.Pro.Gly.. From a chymotryptic digest 
of oxidized papain a tetrapeptide has been isolated which pos- 
sesses the sequence, Asp-NH2.Pro.Gly.Tyr..* , Unfortunately, 
we do not know as yet from structural studies where this tetra- 
peptide occurs in the complete sequence of papain. When this 
information becomes available, it should be possible to assess 
more critically the identification of the amino-terminal sequence 
of the fragment. 

In contrast to the different physical and chemical properties 
of the fragment and of the intact enzyme are the enzymic prop- 
erties which seem to be much the same regardless of size. Not 
only is the specificity of the fragment the same, as judged with 
four synthetic substrates, in agreement with earlier results (3), 
but the two forms of enzyme exhibit the same susceptibility to 
denaturing conditions. 

Although the above studies do not provide information as to 
what parts of the primary structure are essential for catalytic 
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activity, it does indicate that the active site of papain is con- 
tained within the approximately 76 residues in the carboxyl- 
terminal position of the molecule. Conversely, it is evident 
that the 109 residues liberated from crystalline mercuripapain 
play no significant role in the catalytic activity of the papain 
molecule. These findings indicate that events which occur at 
the catalytic site during interaction with substrate must involve 
a limited region of the enzyme which determines not only specific- 
ity but catalytic efficiency as well. In addition, the results with 
denaturing conditions suggest that the structure of the catalytic 
region of the enzyme cannot be visualized in simple terms of 
linear primary structure. 


SUMMARY 


1. Mercuripapain can be degraded by large amounts of leucine 
aminopeptidase to an enzymically active fragment. Chro- 
matographic procedures were developed which permit isolation 
of the fragment in homogeneous form as judged by its chro- 
matographic behavior, amino acid composition, and electro- 
phoretic behavior over a wide pH range. 

2. Amino acid analysis showed that the isolated active frag- 
ment contains an average of 76 residues in contrast to intact 
papain which contains 185 residues per mole. The molecular 
weight calculated from these analyses is 8,375, a value which is 
in accord with estimates obtained from ultracentrifugal analysis 
and measurement of specific activity. 

3. The a-amino end group of the fragment was shown by the 
phenylisothiocyanate method to differ from the a-amino end 
group of intact papain. 

4. On the basis of paper electrophoretic analysis, the fragment 
has an isoelectric point near that of intact papain and nearly the 
same mobility above the isoelectric region, but different mobili- 
ties in the pH range acidic to the isoelectric region. 

5. Both intact papain and the fragment have a maximal ab- 
sorption at 2784 A at pH 5, whereas spectral analysis at alkaline 
pH showed distinctly different absorption curves. Calculation 
from the absorption spectrum indicates that the fragment con- 
tains two tryptophan residues per mole. 

6. The active fragment is identical to intact enzyme in sub- 
strate specificity as judged with four synthetic substrates. 

7. Both intact papain and active fragment possess a similar 
sensitivity to denaturation by heat, urea, and acid. These re- 
sults indicate the requirement of an organized three-dimensional 
structure in the active fragment. 
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A phosphatase for carbamyl phosphate has been demonstrated 
previously (1) in a number of tissues and extensively purified 
from beef brain. It was noted that the purified preparation 
acted upon acetyl phosphate and carbamyl phosphate, and that 
the ratios of activity were essentially the same during 100-fold 
purification. 

Since the partially purified preparation when examined in the 
ultracentrifuge appeared to be of very small molecular weight, 
it was of interest to explore conditions for handling large amounts 
of material and also to attempt further purification. 

In this paper it is shown that the enzyme can be further purified 
some 15.5-fold. The procedure yielded preparations purified 
about 1750-fold. Some of the properties of the purified enzyme, 
which moved as a single peak in the ultracentrifuge, are pre- 
sented. 


MATERIALS AND METHODS 


Fresh beef brains were obtained from Swift and Company; 
after removal of blood clots and most of the membranes, the 
beef brains could be kept frozen at —20° for periods of up to 3 
months, or at 0-4°, for as long as 24 hours, without loss of en- 
zymatic activity. 

DEAE-cellulose, analytical grade, was purchased from Brown 
Company (Berlin, New Hampshire); although other DEAE- 
celluloses may be used, this product was chosen because of its 
fast rate of flow. 

A washed bentonite (Volclay SPV) suspension was prepared 
as previously described (2); all other materials were commercial 
products. Acetyl phosphate was measured by the hydroxamic 
acid method of Lipmann and Tuttle (3). Protein was deter- 
mined by the method of Lowry et al. (4). Thyroxine solutions 
at pH 7.5 were prepared as follows: 10 uwmoles of sodium L- 
thyroxine were dissolved in 0.4 ml of 0.5 m NaOH and diluted 
to 10.0.ml with water. 

Standard Assay—Acetyl phosphate, 8 umoles, acetate buffer, 
20 umoles at pH 6.0, and the sample to be tested, in a final vol- 
ume of 0.4 ml, were incubated at 27° for 20 minutes. Residual 
acetyl phosphate was measured by the procedure indicated. 

Definition of Enzyme Unit and Specific Activity—A unit is 
defined as the amount of enzyme that hydrolyzes 1 umole of 
acetyl phosphate under the standard assay conditions. Specific 
activity is the number of units per milligram of protein. 


EXPERIMENTAL PROCEDURE 


All operations were carried out at 0°, unless otherwise stated. 
The purification procedure previously described was followed 


* Supported by Grant #A-1855(C5) from the National Insti- 
tutes of Health, United States Public Health Service. 


throughout to Fraction III. It consisted of acidification to pH 
4.0 of a 1:8 (weight per volume) beef brain water homogenate 
(better yields were obtained by allowing the homogenate to 
stand at 04° for 1 to 2 hours), precipitation with sodium picrate, 
precipitation with acetone, removal of impurities with sodium 
sulfosalicylate, and acetone precipitation. To simplify the 
handling of large volumes, several modifications of the original 
procedure were tested as follows: (a) Fraction I of the same (or 
better) specific activity as that previously described could be 
obtained simply by sedimentation, but the material thus ob- 
tained did not yield to further purification, as tested in a number 
of ways. On the other hand, fairly large quantities amenable 
to further purification could be processed at this stage with a 
constant flow Lourdes centrifuge; (b) the picrate precipitate 
could be separated by sedimentation at 0-4°, for 6 hours (tested 
with batches of up to 100 liters). We found it was most con- 
venient to work with 2 to 3 kg of brain at a time; we carried the 
purification to the picrate precipitation in one day, let it sedi- 
ment overnight, and proceeded to Fraction III the next day. 
Several preparations were brought to this stage, and kept frozen 
or lyophilized. 

Further Purification—Fraction III was adsorbed on DEAE- 
cellulose as follows: 100 mg of protein in 200 ml were percolated 
through a cellulose column 1 cm in diameter and 7 cm in height; 
the column was washed with an equal volume of deionized water. 
The enzyme was eluted with 30 ml of a 0.1 m NaCl solution. 
Successive aliquots were assayed and the fractions of higher 
specific activity (over 210) were collected and lyophilized to yield 
Fraction IV. It was convenient to run a preliminary titration 
and to adsorb at the most 100 mg of protein at a time. The 
yellow color associated with the protein up to this stage helps to 
achieve a relative standardization upon repeating the procedure. 

Fraction IV was dialyzed against deionized water, at 0—4°, for 
periods of 14 to 24 hours;? the protein solution was then diluted 
to 5 mg ml-, and adsorbed as follows: 3.08 mg of bentonite (7.7 
mg ml-' suspension) and 10 mg of protein were mixed for 10 
minutes and then centrifuged at 3000 x g for 15 minutes. The 
supernatant fluid was discarded and the precipitate was extracted 
with 4 ml of 0.2 m NaCl-HCl at pH 1.5 for 10 minutes, and after- 


1 Sodium picrate precipitated less enzyme under these condi- 
tions, and did not produce fractions of higher purity; this be- 
havior may be due to coprecipitating effects. Also, Fraction I 
could be purified 3-fold by positive adsorption on bentonite, but 
it was not possible to concentrate the 0.1 m HCl eluates by picrate 
precipitation. 

2 Although this step is time-consuming and mediocre per se, 
it appears necessary for a successful bentonite adsorption step. 

3 Before adsorbtion on bentonite, dialysis should be continued 
until tests for Cl- in the dialyzate are negative with AgNO; (30 
ml of Fraction IV against 2 liters of deionized water). 
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wards centrifuged at 3000 X g for 10 minutes. The supernatant 
fluid was brought to pH 5 with 3 m NaOH to give Fraction V. 
This preparation could be either lyophilized, dialyzed against 
deionized water, or both, with no loss of enzymatic activity.‘ 


Properties of Enzyme 


Effect of Some Chemicals—In these experiments, the indicated 
chemicals were added to the assay system; they were not pre- 
incubated with the enzyme except for dinitrophenol and thy- 
roxine as indicated ; their effect was measured under the standard 
assay conditions, unless specified otherwise. Up to 2.5 x 10? ™m 
caffeine had no effect upon the enzymatic activity; some in- 
hibitory effect was noted with adrenaline at rather high con- 
centrations. For example, 1.25 xX 10-? m inhibited activity 
65%. 

Inosinic acid had no effect up to 2.3 X 10-3 M; a 33% activa- 
tion was noted at 4.6 x 10-* m, but a further increase in con- 
centration (up to 7 X 10-* m) did not produce further activation. 

Dinitrophenol at 2.5 < 10-* mM, when preincubated with the 
enzyme, inhibited 50% of the activity; it was approximately 
one-half as effective when added directly to the incubation mix- 
ture. 

Contrary to previous reports (5), it was found throughout 
that rat brain, heart, and liver enzymes were equally susceptible 
to phosphate inhibition as tested in fresh homogenates. With 
2 x 10-? m phosphate, a 50 to 60% inhibition was observed with 
all three tissues; 4 X 10-? m phosphate inhibited 70 to 80% of 
the activity with the three preparations. 

Effect of Thyroxine—Preincubation of this reagent (20 minutes) 
with dialyzed Fraction V was tested at two temperatures, as 
shown in Table II. It is apparent that thyroxine is more in- 
hibitory when preincubation is conducted at 16° than at 25°. 
The nature of this effect remains to be investigated. 

Stability with Organic Solvents, pH, and Heat—Attempts to 
fractionate with methanol and ethanol at low temperatures 
(—10°) were unsuccessful probably due to enzyme instability in 
the solvents. 

The purer preparations of acyl phosphatase are stable over a 
wide pH range; fractions kept at 0-4° and at pH 1.5 to 8.2 for 
24 hours did not show a decrease in activity (Tris buffer, pH 
7.5 to 8.2, was used). 

The enzyme is very heat stable when partially purified; if 
Fraction III is heated for 15 minutes at 80° between pH 1 and 
pH 7, from 0 to only 10 to 20% of the activity (at the highest 
pH) is lost. Up to this stage of purification, the brain enzyme is 
like the horse muscle phosphatase in its heat stability. The 
thermal stability of dialyzed Fraction V is decreased from that 
of Fraction III; incubation at 37° for 20 minutes destroys 27% 
of the activity. The undialyzed preparation, however, does not 
show any change in stability. 

Effect of Urea, Guanidine, Pepsin, Trypsin, and Papain—The 
stability of the enzyme to denaturing agents and to several 
proteolytic enzymes was also tested. When acyl phosphatase 
was dissolved in 5 M urea or 5 M guanidine and assayed, there 
was complete inhibition of the enzymatic activity; this type of 


‘Usually, higher activity was noted than shown on Table I, 
after dialysis of both Fractions IV and V, probably due to lower 
salt concentration. When Fraction V, at a protein concentration 
of 1 mg per ml, was dialyzed against 100 parts of water for 6 hours 
and then against 100 parts of 0.14 m Tris buffer, pH 8.5, for approxi- 
mately 20 hours, a precipitate appeared. The specific activity 
of the precipitate was 300, and that of the supernatant was 2700. 
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TABLE I 

Summary of purification procedure 
Fraction Volume peel = pened Yield 
ml mg +h. a % 
Homogenate 40,000 | 800,000 | 1,200 1.5 

Fraction I 36,000 | 21,600 565 26 47.0 
Fraction II 720 4,260 273 69 22.8 
Fraction III 72 1,590 260 170 21.6 
Fraction IV 150 754 169 224 14.1 
Fraction V 302 32 85 | 2,638 y aR 

TABLE II 


Effect of thyroxine preincubation with acyl phosphatase 
Fraction IV, 100 units, was preincubated with the thyroxine 
concentrations indicated for 20 minutes in a final volume of 1.0 
ml. Aliquots of 0.01 ml were then assayed under the standard 
conditions. 








Concapeieenel prciee | Tempted oc deity 
M % 
1 X 10°° 16° 100 
5 X 10-* 16° 40 
1 xX 10-5 35° 100 
5 X lo§ 35° 52 











inactivation was, however, reversible, since 95% of the original 
activity was recovered upon lowering of the urea or guanidine 
concentration by dilution. This was also true when the enzyme- 
urea or enzyme-guanidine preparations had been left in contact 
at 30° for up to 30 minutes. 

Preincubation of acyl phosphatase with 2% pepsin, at pH 2 
and at 37° for 10 minutes, inactivated the enzyme entirely. 
Trypsin and papain at 0.5 and 1% concentration, respectively, 
when preincubated with the enzyme at pH 7 and 37° for 10 
minutes, had no effect. Moreover, a slight activation (15%) 
was sometimes observed after papain digestion. Also, when 
fractions of papain-treated acyl phosphatase were dialyzed for 
30 minutes at 3-4° against very small volumes of deionized water 
by the techniques of Craig et al. (6), approximately 10% of the 
enzymatic activity was found in the dialyzate, whereas none ap- 
peared in controls. 


Molecular Properties 


Sedimentation Velocity—Fraction V sedimented as a single 
moving boundary in the ultracentrifuge (Spinco model E). All 
experiments were performed with the synthetic boundary cell (7) 
since the enzyme has a rather small sedimentation coefficient. 
The latter was found to be 820,. = 1.25 at concentrations be- 
tween 0.1 and 0.5% protein. The enzyme was dialyzed against 
0.10 m acetate buffer, pH 4.7, before centrifugation. Identical 
results were obtained at 5 and 20°. 

Diffusion—A free diffusion experiment was performed at 0.10° 
in the Spinco model H instrument by the Rayleigh interference 
fringe optical method as previously described (8). A 0.09% 
solution of the enzyme which had been dialyzed against an ace- 
tate buffer (0.10 m, pH 5.0) had a diffusion coefficient, when 
corrected to its value in water at 20° by the Stokes-Einstein 
relation, of Deo.w = 9.15 XK 10-7. 

Molecular Weight—Normally the diffusion coefficient of a 
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protein does not vary greatly with its concentration if adequate 
supporting electrolyte is present to damp out electrostatic effects 
and if the diffusing molecule is not very asymmetrical (9). In 
order to obtain an approximate value of the molecular weight, 
we have assumed a typical value for the partial specific volume 
of 0.74. On this basis a molecular weight of 13.2 x 10° is ob- 
tained from the Svedberg equation (10). The frictional ratio 
is 1.45. 


DISCUSSION 


The method for purification of acyl phosphatase presented 
here yields preparations with activity (on weight basis) approxi- 
mating the most active (unspecific) phosphatases known (11). 
The enzyme is one of the smallest on record and is similar to 
ribonuclease both in size and in its remarkable stability to various 
denaturing agents. 

Enzymatic activation of liver phosphorylase is stimulated by 
adrenaline and caffeine. Caffeine prevents enzymatic de- 
phosphorylation of the liver phosphorylase (12, 13). Although 
the liver phosphorylase phosphatase is thought to be a diesterase, 
the distribution of this enzyme in brain, heart, and liver is similar 
to the distribution of acyl phosphatase. Therefore, it was of 
interest to check whether the acyl phosphatase was affected by 
these reagents. As shown here, even at very high concentra- 
tions, caffeine and adrenaline have little, if any, effect on acyl 
phosphatase, indicating that this enzyme is not related to the 
liver phosphorylase phosphatase. 

The retention of enzymatic activity after papain treatment and 
the fact that after this treatment there are dialyzable enzymatic 
fragments, may permit the characterization of these fragments, 
including amino acid sequence analysis, particularly if a more 
practicable procedure for extensive purification of large quantities 
of enzyme can be found. The large quantities of materials re- 
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quired have prevented, thus far, conduction of more extensive 
physical studies than are presented here. 


SUMMARY 


A method for the preparation of highly purified acyl phos- 
phatase from brain is presented. The highly purified prepara- 
tions which moved as a single peak in the ultracentrifuge have a 
molecular weight of about 13,000. Therefore, the acyl phos- 
phatase is one of the smallest enzymes in record. The enzyme 
is usually stable to heat and to proteolytic enzymes. Treatment 
with papain liberates smaller fragments which have enzymatic 
activity. 
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Various derivatives of the peptide component of subtilisin- 
modified ribonuclease have been described (1). Changes were 
produced in one or more of the three primary amino groups on 
Residues 1 and 7 in the parent compound.' A derivative, in 
which acetylation of all three amino groups had been effected, 
was the only one showing a significant change in ability to re- 
generate enzymic activity when mixed with the protein com- 
ponent. 

There is a single methionine residue in position 17 of the 20- 
residue peptide (1, 2). This paper reports the preparation and 
properties of some derivatives involving additions at the sulfur 
atom of this residue. The sulfide has been oxidized to the sul- 
fone with performic acid, and has been converted to the carboxy- 
methyl and carboxamidomethyl sulfonium salts by treatment 
with iodoacetic acid and iodoacetamide, respectively. The sul- 
fonium salt derivatives, particularly, have a markedly altered 
ability to bind to the protein component of RNase-S. However, 
the enzymic activity of the complexes is not very different from 
that formed by the protein and the unmodified peptide. 


EXPERIMENTAL AND RESULTS 


The preparation of RNase-A, RNase-S, S-Protein and S-Pep- 
tide, and the activity assay procedures using ribonucleic acid, 
uridine 2’,3’-phosphate, and cytidine 2’,3’-phosphate as sub- 
strates have been described (1). Amino acid analyses were 
carried out by the procedure of Spackman et al. (3). The pep- 
tide samples were hydrolyzed in constant boiling hydrochloric 
acid in sealed, evacuated ampules at 110° for 20 to 24 hours. 
Paper electrophoresis of the peptide derivatives was performed 
as previously described, except that a cooled plate system (4) was 
used rather than the carbon tetrachloride bath. 

Preparation of Met(O2)-S-Peptide—Dry, salt-free preparations 
of S-Peptide were treated with a solution of performic acid in 


* Aided by grants from the United States Public Health Service 
and from the National Science Foundation. 

+ A preliminary account of this work was presented before the 
Division of Biological Chemistry at the 136th meeting of the 
American Chemical Society, Atlantic City, New Jersey, Septem- 
ber 1959. 

1 The following abbreviations are used in this paper: RNase-A, 
the principal chromatographic component of bovine pancreatic 
ribonuclease; RNase-S, subtilisin-modified ribonuclease; S-Pep- 
tide, the 20-residue peptide component obtained from RNase-S; 
S-Protein, the protein component obtained from RNase-S; RNase- 
S’, the reconstituted enzyme obtained by mixing equimolar 
amounts of S-Peptide and S-Protein; Met(O2)-S- Peptide, 
177 -methylsulfonyl - 8 - Peptide; Met(CH:COOH) -S - Peptide, 
(17y-methyl(carboxymethy])sulfonium)-S-Peptide salt ; Met (CH»- 
CONH.)-S-Peptide, (177y-methyl(carboxamidomethy])sulfonium)- 
S-Peptide salt. (See (1), footnote 1, for a discussion of nomen- 
clature.) 


98% formic acid at 0° as described by Hirs (5). The reaction 
was allowed to proceed for 2 hours. The solution was diluted 
with ice-cold water and the solvents were removed by lyophiliza- 
tion. The resulting dry powder was designated Met(O-.)-S-Pep- 
tide. At pH 6 this material was electrophoretically indistin- 
guishable from the unoxidized peptide (Fig. 1, b). The amino 
acid analysis is given in Table I, column 4. The only significant 
change is the quantitative conversion of the single methionine 
residue to one of methionine sulfone. This involves no change 
in the net charge of the peptide at neutral pH, as observed. The 
yield was 100%, and there was no detectable hydrolysis of pep- 
tide bonds. 

Preparation of Met(CH:COOH)-S-Peptide and Met(CH:- 
CON H:)-S-Peptide—The reaction between S-Peptide and iodo- 
acetic acid was carried out at 40° in a pH-stat (Radiometer Inc., 
model TTTla). The solutions were made up to contain iodo- 
acetic acid, 0.025 to 0.06 m, and S-Peptide, 1.1 mg per ml (or 
5 <x 10-*m). The pH was adjusted to the required value with 
1 n NaOH before the addition of the S-Peptide, and maintained 
at that value subsequently by titration with 0.05 m NaOH. 
Aqueous hydrolysis of the reagent was significant only at pH 
values above 4. The pH-stat was used only as a mechanical 
buffer. No attempt was made to calculate the extent of reaction 
from the base uptake. For the reaction of particular interest 
here, formation of the sulfonium salt, no release or uptake of 
protons would be expected. Aliquots of the solutions were with- 
drawn at various time intervals and either were assayed for en- 
zymic activity in the presence of a slight excess of S-Protein, or 
were spotted for paper electrophoresis. 

In preparative scale runs the peptide (5 to 10 mg) was dissolved 
in 0.06 m iodoacetic acid in 5% formic acid. The measured pH 
of this mixture was 1.7. After standing for 40 hours at 40°, the 
entire reaction mixture was extracted continuously with ether 
for 24 hours. The dried product obtained after lyophilization 
was almost salt-free and was designated Met(CH,COOH)-S- 
Peptide. 

On electrophoresis at pH 6 this material gave a single spot 
with a mobility identical with that of the untreated peptide, 
Fig. 2,aandc. The formation of the carboxymethyl sulfonium 
salt on the side chain of the methionine residue would introduce 
a dipole and, thus, no change in net charge. At pH 2 partial 
protonation of the carboxyl group of the dipole would be ex- 
pected. The derivative would then have a slightly larger net 
positive charge than S-Peptide. The observed mobility at acid 
pH of the derivative is slightly higher than that of the untreated 
peptide, Fig. 2,d ande. However, the net charge on both pep- 
tides is so large under these conditions that the small difference 
is not convincingly shown. 
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Fig. 1. Ionograms of peptides at pH 6 in pyridine acetate buffer 
for 4 to 4.5 hours at a gradient of 20 volts per cm, Whatman No. 1 
paper, total loads 60 to 100 ug. a, S-Peptide untreated. b, 
Met(O:)-S-Peptide. c, Met(O2)-S-Peptide after 24 hours of treat- 
ment with 0.053 m iodoacetic acid at pH 2.4 and 40°. d, Same as 
c, except pH of reaction 4.2. e, Same as c, except pH of reaction 
6.2. f,8-Peptide after 4 hours of treatment with 0.04 m iodoacetic 
acid at pH 4.2 and 40°. g, Same as f, except reaction pH 6.2. 

















Any reaction with one of the basic nitrogen groups (the imid- 
azole ring of histidine or the amino group of lysine) would pro- 
duce substances with mobilities very different from that of the 
untreated peptide. Such reactions require the conjugate base 
form of these nitrogen-containing residues and would thus not 
be expected to occur at pH 2. If the reaction with iodoacetate 
is carried out at pH 5 to 6 or above, such products are readily 
observed (Fig. 1, d, e, and g). 

The reaction with iodoacetamide was carried out exactly as 
described for iodoacetic acid. At pH 2 the reaction was again 
restricted to the methionine residue, and resulted in the forma- 
tion of the carboxamidomethy] sulfonium salt. In this case the 
derivative has one additional positive charge at neutral pH and 
the reaction is easily followed by electrophoresis of the products 
(Fig. 1,6). After 20 to 24 hours, no unchanged peptide could be 
detected. From preparative runs a dry powder was obtained by 
lyophilization of the ether-extracted solution. This substance 
was designated Met(CH:CONH:)-S-Peptide. Possible contam- 
ination with the starting peptide could be virtually eliminated 
by electrophoretic separation and elution of the faster moving 
material (Fig. 1, 6, shaded spot). Small samples of material 
prepared in this way were used to check the principal conclu- 
sions drawn from studies on material not subjected to electro- 
phoresis. 

At pH 2 the reaction of S-Peptide with iodoacetic acid appears 
to be faster than with iodoacetamide (Fig. 3). However, both 
reactions are essentially complete after 20 hours. When treated 
with iodoacetic acid under the same conditions, Met(O2)-S-Pep- 
tide shows no activity change in the same time interval. 

Rate of Inactivation of Various Protein and Peptide Prepara- 
tions—Solutions of RNase-A, RNase-S, S-Protein, S-Peptide, and 
Met(O-)-S-Peptide (each at a concentration of 4.3 10-5 m) in 
0.025 m aqueous iodoacetic acid were adjusted to and maintained 
at the desired pH at 40°. Aliquots were removed at intervals 
and assayed at pH 5 with RNA as substrate. RNase-A and 
RNase-S were assayed directly. A slight excess of S-Peptide 
was added to the aliquots of the S-Protein solution and a slight 
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TABLE 1 
Amino acid analyses of peptide derivatives 

All peaks large enough for quantitative estimation are indicated 
as residues per mole. The symbol “‘t” indicates that a very small] 
peak was visible but was not large enough for any quantitative 
estimate. The actual value would always be less than the small- 
est estimated peak in that column. The symbol ‘‘0’’ indicates 
that there was no detectable deviation in the base-line at that 
particular effluent volume in that run. The values for substances 
whose identification is certain and whose amounts are considered 
stoichiometrically significant are indicated in bold-faced type. 
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Residues per mole 









































ee | Peak | Be | 2s] os 
Amino acid [pgsition | 7 3 33 83 ats 
' | € | gs | BS | Be lege 
| a Cg Ya Yn |OCaxz 
| & | i | st | 3! lage 
| a = = = | 
150-cm Column 
ml | 
Cysteic acid............| 50 | 0.04 | 0.07 | 0.08 | 0.20 | 0.05 
Ji a ree | 60/0 0 0 0 0.53 
Methionine sulfoxides...| 102, | 0.15}0 | t t 0 
| 105 | 
Aspartic Acid...........| 114 | 1.05 | 1.10 | 1.12 | 1.10 | 1.12 
Methionine sulfone.....| 125 | 0 0.96 | t 0.05 | 0.97 
Waséaime# &. 0.6 es 135 | 1.90 | 1.93 | 1.88 | 1.87 | 1.91 
Seed Cee eae 143 | 2.75 | 2.78 | 3.00 | 2.73 | 2.78 
Homoserine*............ | 157 | 0 0 0.14 | 0.05 | 0 
Glutamic acid.......... | 170 | 2.90 | 3.04 | 3.18 | 3.01 | 2.98 
Carboxymethylhisti- 

Ce eer ee 180 | 0 0 t 
2 Pe ae 185 | 0 0 t 0 
S-Carboxymethylhomo- | 

a 200 | 0 0 0.23 | t 0 
epee ee kad dl raf 228 | 0.03 | 0.08 | 0.43 | 0.18 | 0.19 
| er AAAI Ac gts 240 | 4.79 | 4.91 | 4.86 | 4.94 | 5.03 
Unknown 2*............ | 262 | 0 0 0 0 0.32 
Unknown 9?.,.... 6.620 | 272 | 0 0 0 0 0.32 
Half-cystine............ } 272 | 0 0 0 0 0 
Wahitesciscd viciix. ape 8 HOG ist 0.09 | 0.08 | t 
Methionine............. | 343 | 0.76 | 0 0.14 | 0.05 | 0.22 
on | 360 | 0.02 | 0 0.05 | t t 
PERE Eee | 372 | 0.03 | 0 0.06 | t t 
| ey: | 427 | 0.01 | 0 0 0.09 | 0 
Phenylalanine.......... 440 | 0.96 | 1.04 | 0.75 | 0.07 | 1.02 

| 15-cm Column 

Unknown 4*............ 30 | 0 0 0.10 | 0.48 | 0 
Usknown 6*.............:25) 38 | 0 0 0.07 | 0.38 | 0 
eat oetall Meepillen Rede 49 | 2.05 | 1.98 | 2.08 | 2.03 | 1.07 
NI oo s ace 6.9 cop. <% 60 | 0.98 | 1.03 | 0.96 | 0.98 | 0.26 
OSTA So cov cdcevecces 71 | t : t . t 
Homoserine lactone*....| 85 | 0 0 | 0.10 | 0.55 | O 
CO a eee | 110 | 0.97 | 0.99 | 0.96 | 0.97 | 0.91 
Total sample per column | 

ee eR ret a ea ee | 0.50 | 0.16 | 0.25 | 0.22 | 0.14 





* Color value unknown, but assumed to be equal to that for 
leucine. 

tT Values uncorrected for losses on hydrolysis. 

t Amount not estimated. 





August 











excess 
activity 
1 in ref 
50% of 
of the 
At pH 
all acti 
was in 
time ir 
should 
the Mi 
as long 
Ami 
the S-! 
I, colu 
by the 
ent in 
appew 
they ! 
corres 
only ¢ 
down 
droly: 
chang 
onine 
methi 
Gu 
foniu 
perfo 
num 
may 
deter 
its la 
Ther 
sulfo 


gra 
Eke 
Pe 
iod 


40° 
fol 





», No. 8 


idicated 
ry smal] 
titative 
ie small. 
ndicateg 
at that 
stances 
asidered 
type. 


$$. 


ide + 


P. 
Ich 
PH 6.7 


2COOH at | 


Met(Oz)—S- 
t 





eo 
BE 


moO 
8 2286 





0.14 





at for 





August 1960 


excess of S-Protein to the two series of peptide solutions. The 
activity of each sample was plotted as a function of time (cf. Fig. 
1 in reference (6)). The reciprocal of the time required to reach 
50% of the starting activity was arbitrarily selected as a measure 
of the rate of inactivation. The results are shown in Fig. 4. 
At pH values between 2 and 6 the protein samples lost practically 
all activity after 4 to 8 hours of reaction. At pH 8 the activity 
was in the neighborhood of 30 to 40% of the initial value in this 
time interval. No observations were made at longer times. It 
should be noted that no activity loss could be demonstrated in 
the Met(O2)-S-Peptide solution at any pH tested over periods 
as long as 24 hours. 

Amino Acid Analysis of Peptide Preparations—The analysis of 
the S-Peptide preparation used in these studies is shown in Table 
I,column 3. The low methionine value is accounted for in part 
by the methionine sulfoxides found. In this run these are pres- 
ent in rather larger amounts than usual. The other substances 
appearing in small amounts are of uncertain origin. If in fact 
they represent the amino acids indicated, the amounts do not 
correspond to any recognizable contaminant. Glycine is the 
only amino acid that might be expected to occur as the break- 
down product of any of the principal components in the hy- 
drolysate. On oxidation with performic acid the only significant 
change in composition is the complete disappearance of methi- 
onine and its sulfoxides and the appearance of one residue of 
methionine sulfone, Met(O2)-S-Peptide (Table I, column 4). 

Gundlach et al. (6) have shown that the carboxymethy! sul- 
fonium salt of methionine is relatively stable to oxidation by 
performic acid, but is broken down on acid hydrolysis to yield a 
number of products, since any of the three sulfur-carbon bonds 
may be split. The nature of the compound under study will 
determine the relative proportions of methionine, homoserine and 
its lactone, or S-carboxymethylhomocysteine which are formed. 
There should be no methionine present in a pure sample of the 
sulfonium salt derivatives of S-Peptide. However, direct anal- 
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Fig. 2. Ionograms of peptides on Whatman No. 1 paper at a 
gradient of 20 volts per cm, total loads 60 to 100 ug. a, b, and c, 
Electrophoresis buffer pyridine acetate pH 6, 3.5 hours. a, S- 
Peptide untreated. 6, S-Peptide after treatment with 0.04 m 
iodoacetamide at pH 1.7, 40°, for the time indicated in hours. c, 
8-Peptide after treatment with 0.042 m iodoacetic acid at pH 1.7, 
40°, for 28 hours. d and c, Electrophoresis buffer 5% aqueous 
formic acid, l hour. d,S-Peptide untreated. e, Same sample as c. 
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Fic. 3. Activity towards RNA of peptide samples during reac- 
tion with iodoacetate and iodoacetamide. ©, Met(O:)-S-Peptide 
(1.7 mg) + iodoacetic acid (20 mg); @, S-Peptide (2.0 mg) + 
iodoacetamide (15 mg); @, S-Peptide (2.4 mg) + iodoacetic acid 
(20 mg). The three mixtures were each dissolved in 2 ml of 5% 
formic acid and placed at 40°. At various time intervals aliquots 
of the reaction mixtures were assayed in the presence of excess S- 
Protein. The activities are expressed as the per cent of the initial 
activity shown by the particular peptide sample. 
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Fic. 4. Rate of inactivation of various protein and peptide 


preparations as a function of pH, in the presence of 0.025 m iodo- 
acetic acid at 40°. Proteins and peptides, each at a concentra- 
tion of about 4.3 X 10-5 um. O, RNase-A; 0, RNase-S; A, 8- 
Protein; @, S-Peptide; ©, Met(O:)-S-Peptide. See text for other 
details. 


ysis would always be expected to show some methionine arising 
from the decomposition during acid hydrolysis. To resolve this 
difficulty the samples were treated with performic acid before 
hydrolysis (under the same conditions used to prepare Met(O:)- 
S-Peptide). The sulfonium salts were found to be unaffected 
under conditions where methionine is quantitatively converted 
to the sulfone. Thus, any methionine appearing in the hydroly- 
sates of these oxidized samples could only come from the break- 
down of the sulfonium salt. 

The analyses of oxidized samples of Met(CH:COOH)-S-Pep- 
tide and Met(CH,CONH:)-S-Peptide are shown in Table I, 
columns 5 and 6. Only a trace of methionine sulfone was found, 
indicating little or no free methionine in either preparation. The 
total recovery of the known degradation products of the methi- 
onine sulfonium salts was 0.61 residues per mole, for Met(CH:- 
COOH)-S-Peptide; and 0.70 residues per mole, for Met(CH:- 
CONH,)-S-Peptide. The relatively large amounts of glycine 
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found may come from increased amino acid decomposition, in 
these cases, or from the reaction of ammonia with residual traces 
of the iodoacetate reagent. 

During the oxidation, it was noted that the formic acid solu- 
tion of the peptides immediately turned pink on addition of the 
performic acid, indicating the presence of at least traces of free 
iodide ion in the two peptide samples. The amount was con- 
siderably greater in the Met(CH:zCONH.)-S-Peptide sample. 
The iodine color disappeared on dilution of the oxidizing mixture 
with water. Phenylalanine was almost absent in the analysis 
shown in Table I, column 6, whereas two unknown peaks ap- 
peared before lysine in the 15-cm column run (totaling 0.86 
pmoles). In the analysis shown in column 5 the phenylalanine 
value is low and the two peaks are again present but in smaller 
amount. These peaks were never observed in samples which 
contained no iodide ion. 

A molar equivalent of potassium iodide was added to a known 
sample of free pi-phenylalanine (California Corporation, No. 
5190). The mixture was treated with performic acid under the 
same conditions used for the peptide preparations. Analysis of 
a portion of the product on the 15-cm column gave a full recovery 
of phenylalanine and no unidentified peaks. The sample was 
then “hydrolyzed” with HCl under the usual conditions. Anal- 
ysis of the product showed no detectable phenylalanine and peaks 
appearing at 30 ml, 42 ml (with shoulder at 40 ml), 56 ml, 74 
ml, the latter presumably being ammonia. 

It seems fairly certain that the iodide ion is converted to iodate, 
in the presence of the oxidizing agent in water, without effect on 
the amino acids. During hydrolysis chlorine is released and sub- 
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Fia. 5. Activity of mixtures of various peptide derivatives and 
a fixed quantity (8.4 ug) of S-Protein. a, @, Met(O2)-S-Peptide, 
RNA as substrate; O, Met(O2)-S-Peptide, uridine 2’,3’-phosphate 
as substrate. b, @, Met(CH:COOH)-S-Peptide, RNA as sub- 
strate; O, Met(CH:COOH)-S-Peptide, uridine 2’,3’-phosphate 
as substrate; ™, Met(CH:CONH:)-S-Peptide, RNA as substrate; 
O, Met(CH:CONH:2)-S-Peptide, uridine 2’,3’-phosphate as sub- 
strate. a and b, , S-Peptide (untreated) data for both sub- 
strates (1). 
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stitution occurs on phenylalanine. The exact nature of the 
substances produced has not been elucidated, since they appear 
to be only artifacts of the hydrolysis procedure. A small sample 
of Met(CH,CONH:)-S-Peptide eluted from a paper ionogram, 
and apparently completely free of iodide ion, gave 1 mole of 
phenylalanine on analysis and no indication of Unknown peaks 
4 and 5. 

With Met(O2)-S-Peptide, reaction of iodoacetate with the sul- 
fur atom is impossible since the latter has already been oxidized 
to the sulfone. At pH 6.7 reaction is possible with the imidazole 
ring of the histidine residue in position 16, or with the a-amino 
group of the lysine residue in position 1. With pK’ values in 
the neighborhood of 9.5, the two e-amino groups in Residues 1 
and 7 would be unlikely to react at a significant rate at pH 6.7. 
That a mixture of products is, in fact, obtained is shown in Fig. 
1, e. A solution of 60 mg of iodoacetic acid in 2 ml of water 
was adjusted to and maintained at pH 6.7 in the “pH-stat” at 
40°. Met(O.)-S-Peptide, 2.5 mg, was added in 0.1 ml of H.O. 
After 50 hours at 40°, the solution was acidified to pH 1.2 with 
1 n HCl and exhaustively extracted with ether. The total mix- 
ture of peptide products was hydrolyzed and analyzed and the 
results are shown in Table I, column 7. Methionine sulfone was 
recovered quantitatively as expected. Almost one residue of 
lysine and three-quarters of a residue of histidine were lost. 

The material appearing at approximately 340 ml from the 
150-cm column cannot be methionine. It is possibly a mono- 
carboxymethyllysine derivative. The monoepsilon derivative 
appears in approximately this position according to Gundlach 
et al. (6). The same authors provide evidence for a carboxy- 
methylhistidine derivative in the region of the cystine peak and 
a fast moving peak (90 ml), presumably dicarboxymethyllysine. 
The peak described by them as 1 (or 3)-carboxymethylhistidine 
at 180 ml was barely visible in this run. Using the “leucine 
color value,” the total material recovered in the unknown peaks 
is 1.4 residues compared to the estimated loss of 1.7 residues of 
the two basic amino acids per mole of peptide. It appears quite 
certain that in this sample extensive modification of the histidine 
and at least one of the lysine residues had occurred. 

Measurements of Enzymic Activity—The enzymic activities of 
mixtures of varying amounts of the various peptide derivatives 
and a fixed amount of S-Protein were measured with both RNA 
and uridine 2’,3’-phosphate as substrates. The activity was 
expressed as the fraction of that observed with the same amount 
of S-Protein and a slight excess of S-Peptide itself. The results 
are shown in Fig. 5,aand 6. With Met(O-)-S-Peptide at a ratio 
of 1.0, the activity ‘io ard RNA is about 70% of that shown by 
the unmodified peptide, and the curve does not show a sharp 
break. At any ratio, the recovered activity with uridine 2’ ,3/- 
phosphate is much less than with RNA. The data are very 
similar to those obtained with oxidized RNase-A as the “pep- 
tide’”’ (see Fig. 3 in reference (7)). It would appear that the 
behavior of the latter material, when mixed with S-Protein, is 
closely related to the oxidation of the methionine residue (No. 
17), but is relatively unaffected by the presence of the “‘extra” 
104 residues. 

More dramatic changes in behavior are seen in Fig. 5, 6 with 
Met(CH:COOH)-S-Peptide and Met(CH,»CONH:)-S-Peptide. 
At ratios in the neighborhood of unity the relative activity is 
only about 5%, but this increases to as high as 80% at ratios 
approaching 100:1 and might increase still further. The two 
derivatives behave very similarly. In each case the relative 
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Fic. 6. Activity towards RNA of mixtures of S-Protein and a 
fixed quantity (2.0 mg) of the sulfonium salt peptide derivatives. 
@, Met(CH:COOH)-S-Peptide; m, Met(CH.2CONH:)-S-Peptide. 
——, the average of the data obtained at low mole ratios for both 
derivatives (Fig. 5). ----- , indicates the results to be expected if 
the peptide derivatives were inherently inactive but were contami- 
nated with about 1% of S-Peptide. See text for discussion. 


activity observed with the low molecular weight substrate is less 
than with RNA at the same peptide to protein ratio. With 
these two derivatives the binding constant would appear to be 
very drastically lowered (probably by a factor of more than 10*). 

Because of the large amount of the derivative needed to give 
the activities indicated, it is reasonable to ask whether the results 
could not be explained by contamination of the peptide prepara- 
tion. Assume that the carboxymethylsulfonium derivative is 
not bound to S-Protein, that it shows no activity, and that the 
preparation is contaminated with 1% of the unmodified peptide. 
As the ratio of peptide to protein is increased, one would expect 
a linear increase in activity reaching 100% at a total mole ratio 
of 100:1 where the full amount of RNase-S’ would be formed. 
Allowing for reasonable experimental error, the activity results 
with RNA (Fig. 5, 6) might be so interpreted. However, the 
relative activity for either substrate would be expected to be the 
same (7) and this is clearly not the case. Stronger evidence is 
presented in Fig. 6. In these experiments the amount of the 
peptide preparation is fixed and the amount of added S-Protein 
is varied. The data shown have been corrected for the trace of 
residual activity in S-Protein. At a mole ratio of 1:1 all of the 
contaminant should be bound to S-Protein. The amount of 
active enzyme from this source could not be increased by adding 
more S-Protein. The activity does increase, however, and at 
mole ratios of 5 or below, the curve is almost identical to that 
obtained in Fig. 5, 6b. At ratios of 10 and particularly 20 shown 
in Fig. 6, a distinct precipitate was visible in the assay solutions 
caused by the formation of an S-Protein to RNA complex. The 
removal of substrate and one part of the enzyme system from 
solution in this manner invalidates these particular assays. 
Rather than contamination, it would appear that the sulfonium 
salt products do have potential activity but rather weak binding. 
For the system, Protein + Peptide «+ Enzyme, the reaction can 
be pushed to the right by increasing the concentration of either 
reactant as shown in Figs. 5, 6 and 6. 

The possibility that Met(CH.CONH:)-S-Peptide binds tightly 
to S-Protein, but produces an inactive product is ruled out by 
the data in Table II. It is seen that the derivative does not 
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TABLE II 
Tests for inhibition by Met(CH:CONH:)-S-Peptide 

For each assay 10 ul of a stock solution of S-Protein, 1.0 mg per 
ml, were mixed with 10 ul of the appropriate peptide solution as 
indicated. After 30 minutes at 25° the second peptide solution 
was added and the total volume was made up to 100 wl. After 
an additional 30 minutes the entire mixture was assayed with 
RNA as substrate (7). Until the time of assay, the protein and 
peptide samples were in salt-free, aqueous solution, pH 5 to 7. 
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Fic. 7. Activity towards RNA, as a function of pH of various 
enzyme preparations. The ordinate gives the actual measured 
absorbancy at 260 my of the acid-soluble nucleotides produced. 
Above values of 0.6 the absorbance is no longer accurately propor- 
tional to the amount of enzyme present. The peptide prepara- 
tions were added in 1.5 X molar excess to the samples of S-Protein. 
O, S-Peptide + S-Protein (4 ug per assay); @, Met(O2)-S-Pep- 
tide + S-Protein (4 ug per assay); ©, Met(CH.zCOOH)-S-Pep- 
tide + S-Protein (40 ug per assay); ®, Met(CH,CONH:,)-S-Pep- 
tide + S-Protein (40 ug per assay). 


significantly inhibit the combination of S-Peptide and S-Protein 
regardless of the order of addition. (No direct evidence is avail- 
able on the rate of combination of the peptides with the protein. 
Our impression is that it requires less than a few seconds and 
that the 30-minute waiting periods used here should be sufficient 
to insure equilibration.) 

The activity of various protein:peptide complexes towards 
RNA was measured as a function of pH (Fig. 7). The experi- 
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Fig. 8. Effect of substrate concentration on reaction velocity 
for various enzyme preparations. Solvent, 0.3 m NaCl, pH 7.0, 
temperature 25°; substrate, cytidine 2’,3’-phosphate; enzyme con- 
centration, amounts indicated in 1.5 ml of substrate solution. 
Curve 1, @, 0.94 ug S-Protein + 2.0 ug S-Peptide (mole ratio 1.1:1); 
Curve 2, O, 0.94 wg S-Protein + 16.7 ue Met(CH:CONH.)-S- 
Peptide (mole ratio 92:1); Curve 3, A, 6.7 ug S-Protein + 1.3 ug 
Met(CH2CONH;)-S-Peptide (mole ratio 1.05:1). The Michaelis 
constants, ”“K”, calculated from the lines drawn are 0.027 m, 0.035 
M, and 0.052 m, respectively. 











ments were carried out as described previously (see Fig. 6 in 
reference (1)). In order that the activities should be roughly 
comparable the S-Protein:sulfonium salt mixtures were used 
in 10 times the amount of the protein:S-Peptide or Met(O:)- 
S-Peptide complexes. In all cases the ratio of peptide deriva- 
tive to protein was slightly greater than unity. Although the 
curves are not identical, their similarities are probably more 
striking than their differences. For the sulfonium salt deriva- 
tives only about 10% of the material is in the form of a complex 
with S-Protein in this experiment at pH 5. It would appear 
that the binding constant could not be lowered by more than a 
factor of 1.5 to 2 in the pH 7 to 10 region. (For this highly dis- 
sociated system, the amount of active enzyme would be nearly 
proportional to the binding constant.) The fact that the curves 
are not identical may indicate that the charged groups introduced 
during the sulfonium salt formation do have some interaction 
with groups titratable in the pH region 5 to 10. The curve for 
Met(O-)-S-Peptide is close to being proportional to that for the 
native molecule. 

Activity measurements at constant temperature and pH were 
made with cytidine 2’ ,3’-phosphate as substrate. The effects of 
varying concentration are shown in the form of an Eadie plot in 
Fig. 8. The enzyme samples used were (1) RNase-S’; (2) S- 
Protein + 100 moles of Met(CH:CONH:)-S-Peptide; and (3) 
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S-Protein + 1 mole of Met(CH:,CONH:)-S-Peptide. The last 
was used at a molar concentration of the protein component 
about 7 times that of the other two, in order that the measured 
activities should be of the same order of magnitude. Within the 
accuracy of the data a straight line can be drawn through each 
set of points. The extrapolated ordinate intercepts give a max- 
imal velocity, ”V”, for each run and the associated Michaelis 
constant, ”K”, can be calculated from the slopes of the lines. 

For RNase-S’ the binding of the peptide is so strong that the 
complex may be treated as a single entity and the simple Mich- 
aelis-Menten equation applied. Met(CH2:CONH:)-S-Peptide, 
however, must be treated as a dissociable activator. The sim- 
plest system compatible with the information available at this 
time is the following: 








S-Protein + substrate 
a 
X-S-Peptide 


ih 
kis koe i 


RNase-S” + substrate = C, 


—la 


ki . 





RNase-S” + products 


X-S-Peptide stands for a modified S-Peptide, RNase-S” for the 
complex formed between S-Protein and the modified peptide. 
The rate constants for each reaction are numbered as indicated. 
If the concentrations of the substrate and the modified peptide 
are large compared to [(C) + (C.) + (RNase-S”)] then no con- 
servation equations are required for these two substances. Using 
the steady state approximation, the rate equation for the over- 
all reaction is: 


K\(A) 
kaa) E 7 a (S)nyeg) 








wiles x, | Keka + Kila) pam ™ 9K" + (8) (1) 
"| KiuKs + Ki(A) 
or rearranging terms: 
(S) 
koa (E:) |e + | (A) VA) J 





°™ Kuks | Ki + (8) ~ 1K" + (A) 
Ki i + a | “thee 


Where (A) and (S) represent the concentrations of the peptide 
and substrate, respectively, (H,) the total concentration of S- 
Protein in all forms and 

ka - cs, + Koa kus 


Ki 2. Ss Kis Kis > K; = x 


The form of the equation predicts a linear reciprocal plot for a 
fixed concentration of A. If it had been assumed in addition 
that C could react with the modified peptide to give C, directly, 
the rate equation would contain both higher powers of A and S 
and cross products of the two. In general, nonlinear reciprocal 
plots would be expected. Although such a mechanism would 
appear physically reasonable, insufficient data are at hand to 
require the more general equation. The derivation and analysis 
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of such systems involving “random activation,” as well as the 
simple one given here, are described by Reiner (8). 

Equation 2 also predicts saturation behavior when (A) is varied 
with (S) held constant (Fig. 5) (cf. Fig. 5 in reference (1)). It 
has been assumed that the very small activity of S-Protein usu- 
ally observed in the absence of any added peptide (less than 1% 
of RNase-S) is due to contamination with either RNase-A or 
RNase-S. In the best available preparations of S-Protein no 
enzymic activity towards RNA can be demonstrated. If there 
is any activity, it must be less than 0.1% of that shown by the 
same molar concentration of RNase-A. 

If the substrate did not bind at all to S-Protein, k; would be 
zero, K, infinite, and the rate equation would assume the form: 


< mina @) 
Ke [2 + a + (8) 





(A) 


The Michaelis constant would decrease as (A) increases, as ap- 
pears to be the case, but the maximal velocity would be inde- 
pendent of (A), as is clearly not the case. Although the sub- 
strate may be somewhat more weakly bound to S-Protein than 
to the activated enzyme, the difference is certainly less than one 
order of magnitude. With the data shown in Fig. 8 for cytidine 
2’ ,3’-phosphate as substrate, the difference may not be more 
than a factor of 2. When uridine 2’,3’-phosphate was used as 
substrate with an enzyme mixture similar to that used for Curve 
3 in Fig. 8, the Michaelis constant was about 0.035 m. This 
value is not very different from that observed for RNase-S’ 
(0.02 m), although the maximal velocities (or better k2,) differ 
by a factor of more than 20 (see Fig. 2 in reference (7)). 
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Fig. 9. Chromatograms from 2 X 23 cm column of XE-64 with 
the use of 0.2 m phosphate buffer, pH 6.35, as eluting liquid. @, 
absorbancy at 570 my of aliquots treated with ninhydrin; O, ab- 
sorbancy of effluent at 280 mu. a, Met(CH:CONH:)-S-Peptide 
(about 0.5 mg); 6, 8-Protein (6 mg) + Met(CH:CONH:)-S-Pep- 
tide (1 mg). Position of 8-Peptide peak is shown by the arrow. 
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Chromatography of Met(CH-CONH:)-S-Peptide—Further evi- 
dence for the weak binding of the carboxamidomethy] sulfonium 
salt derivative to S-Protein was provided by the attempts to 
chromatograph the complex on the Amberlite resin XE-64. Pre- 
viously it had been found possible to obtain single peaks with 
the complexes of S-Protein and the amino group derivatives of 
S-Peptide (1). These derivatives were bound strongly enough 
to S-Protein so that no dissociation was visible on the column, in 
spite of the fact that S-Protein itself is very strongly absorbed to 
the resin. In Fig. 9, a it will be noticed that the sulfonium salt 
derivative was somewhat retarded on the column, compared to 
unmodified S-Peptide which ran very close to the solvent front. 
The chromatogram of a mixture of the peptide derivative and 
S-Protein is shown in Fig. 9, b. A marked broadening of the 
ninhydrin-positive peptide peak was observed, but no absorp- 
tion at 280 mu. Less than 5% of the S-Protein put on the col- 
umn would have been readily visible as a peak comparable to 
RNase-S. Apparently all the S-Protein was absorbed to the 
resin, indicating complete dissociation of the complex during 
chromatography. 


DISCUSSION 


At pH 2 the reactions of iodoacetic acid and iodoacetamide 
with S-Peptide appear to be limited to the single methionine 
residue and to result in the formation of sulfonium salts. Al- 
though quite slow, the reactions are essentially quantitative and 
provide excellent yields of the modified peptides. There can be 
little doubt as to the chemical nature of these derivatives or of 
the methionine sulfone derivative produced by oxidation of S- 
Peptide with performic acid. 

Addition of carboxymethyl groups to the imidazole ring of the 
histidine residue or to the a-amino group does not occur at this 
acid pH. When the reaction is carried out at neutral pH, such 
modifications of the basic residues are easily shown. Since the 
activity of Met(O2)-S-Peptide is unaffected by iodoacetate treat- 
ment at any pH, it may be tentatively concluded that substitu- 
tion at these latter two sites has no marked effect on the binding 
of the peptide to S-Protein or on the enzymic activity of the re- 
sulting complex. The “activity loss” observed with S-Peptide 
can thus be attributed entirely to the formation of the sulfonium 
salt. The rate of this latter reaction is practically independent 
of pH between 2 and 8. 

As shown in Fig. 4 the rate of loss of activity of the protein 
samples is much faster at all pH values than is that of S-Pep- 
tide. For RNase-A Gundlach et al. (6) have shown that at pH 
2 the only site of reaction of iodoacetate is methionine; at pH 5 
to 6 histidine is affected, whereas no reaction occurs at methi- 
onine; at pH 8 lysine is affected, again with no evidence for re- 
action at methionine. It is possible that at pH 2, 6, or 8, S- 
Protein and RNase-S behave in a similar fashion. The only 
marked discrepancy in rate of activity loss between these two 
substances and RNase-A occurs at pH 4. The general shape of 
the RNase-A curve was shown by the data of Gundlach e¢ al. 
(Fig. 1 in reference (6)). The difference is probably accounted 
for by a structural change? which is known to occur in S-Protein 
and RNase-S in the neighborhood of pH 4, but which does not 
take place in RNase-A until the pH is lowered to 2 or below (9). 
It is necessary to assume that at neutral pH all of the methionine 
residues of the three protein samples must be “masked.” Other- 


?F. M. Richards and A. D. Logue, unpublished results on 
changes in spectra occurring during titration in the acid region. 
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wise, some reaction of these residues with iodoacetate would be 
expected at any pH. The structural change in RNase-A at pH 
2 can be invoked to explain an “unmasking” of at least one 
methionine residue. At pH 4 the molecule is in its “neutral pH 
form” with the methionine residues masked, but the pH is still 
too acid to permit rapid reaction of the histidine residue(s), thus 
the minimum in the rate of activity loss. With S-Protein and 
RNase-S, a methionine residue is still largely available for re- 
action at pH 4. At pH 6, however, the loss is probably due to 
reaction at a histidine residue, as has been shown to be true for 
RNase-A. For the inactivation of ribonuclease with bromace- 
tate ion at alkaline pH, Barnard and Stein (10) have indicated 
that it is the histidine residue near the carboxyl end of the single 
chain of the native molecule which reacts. It has been errone- 
ously suggested that carboxymethylation of the histidine near 
the NH>-terminal end of the molecule also results in inactivation 
(11). This statement was made before the formation of the 
sulfonium salt was recognized. 

The activity measurements, the inhibition test, and the chro- 
matography all indicate that the binding of the peptide to the 
protein has been markedly weakened by the formation of the 
sulfonium salt. However, the Eadie plots shown in Fig. 8 indi- 
cate that the catalytic activity of the Met(CH:CONH:)-S-Pep- 
tide to S-Protein complex, when formed, is not very different 
from that of RNase-S’. The Michaelis constants determined 
with cytidine cyclic phosphate are also not very different in the 
two cases. It appears possible to change the strength of the 
peptide-protein interaction without affecting the catalytic activ- 
ity, and thus presumably a considerable portion of the structure 
of the complex. 

The binding constant (Equation 1) for cytidine 2’ ,3’-phosphate 
and S-Protein, K;, appears to be quite close numerically to the 
Michaelis constant, K,,, determined with RNase-S’. Were this 
not true, the slope of Curve 3, Fig. 8, would be very different. 
If ko, «K k_1, then the binding of this substrate is affected to only 
a small degree by the presence or absence of the peptide. The 
binding of the peptide to the protein must then affect only the 
catalytic site itself. It is still not possible to tell whether this 
catalytic site, or a portion of it, is located on the peptide or 
whether it is induced in the S-Protein component by the struc- 
tural change attending the binding of the peptide. 

Assume that k2, and K,, for RNase-S’ have the same values 
as the equivalent constants for RNase-S” with a given substrate. 
In RNase-S’, peptide association is complete and 


(S) 


V’ = k.,E, ———— 
 Ku'+ ) 


(4) 
if the molar ratio of peptide to protein is equal to or greater than 
1. V” is the velocity of the reaction with RNase-S” as given 


by Equation 1. The fractional activity of the RNase-S” solu- 
tion is: 


as long as (E;) is the same for both solutions (a is the ordinate 


used in Fig. 5). Then: 
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The usual conditions for assay with either of the pyrimidine cyclic 
phosphates provide substrate concentrations far below satura- 





tion. Thus, (S) « K,, or K; and: 
(A) 
K; 6) 
Gur! = 
+ 
K; 


With RNA, the assay used appears to be well into the region 
of substrate saturation. (In some assays with RNase-A and 
RNase-S’, the measured concentration of acid-soluble nucleo- 
tides produced under fixed conditions was not affected by lower- 
ing the RNA concentration 10-fold.) Thus, (S) > Ki, or K; 


(A) 
K; 

Ky , (A) 

Ki K; 


agra > 


(7) 


It will be noted in Equation 6 that the recovered activity with 
the cyclic phosphates is independent of the relative values of K, 
and Ki. 
Ki./K,. 
Gur! (7.e. Fig. 5), then Ki,./Ki < lor Ky, < K;,. 
kinetic data is needed to determine whether Ki,/K: for RNA is 
the same as or different than K,,/K, for the pyrimidine cyclic 
phosphates. 

How does the presence of the sulfonium salt interfere with the 
binding of the peptide to the protein? The two extreme possi- 
bilities are: (a) the methionine residue does not normally con- 
tribute to the binding energy, but the formation of the sulfonium 
salt introduces a strong repulsive force and thus a decreased 
binding constant; or (b) the methionine residue normally con- 
tributes very significantly to the total binding, but the chance for 
this positive interaction is lost with the sulfonium salt. The 
first alternative would appear to require that the methionine 
residue must be freely available in the peptide to protein complex 
and not “masked.”’ The evidence on the reactivity of this resi- 
due indicates that this is not the case. If the methionine were 
in close enough contact with the protein, for the sulfonium salt 
to impose steric restrictions, then the unmodified residue would 
certainly be contributing to the binding energy. The remaining 
possibility of electrostatic repulsion of the positively charged 
sulfur by another positive charge in the immediate vicinity also 
appears unlikely. In this case one would expect the negative 
charge of the extra carboxyl group in Met(CH.zCOOH)-S-Pep- 
tide to exert a screening effect on the positive sulfur, an effect 
which would not be present in Met(CH,CONH,)-S-Peptide. 
However, the two derivatives are practically indistinguishable. 

The most likely possibility is alternative (b). The major part 
of the binding energy may arise from “hydrophobic bonds”’ or 
“solvent squeezing effects” as discussed recently by Kauzmann 
(12). The peptide residues of most importance would then be 
the five alanyl groups in positions 4, 5, 6, 19, and 20, the one 
phenylalanyl group in position 9, and the methiony] group num- 
ber 17. Since the sulfonium salt would be markedly hydrophilic, 
the interaction would be prevented or severely changed. If the 
binding constant is reduced by a factor of 10* as suggested, the 
change in free energy of binding would be of the order of 4000 
calories. Kauzmann (12) has estimated that a hydrophobic 
bond might contribute 3000 to 5000 calories. 


The recovered activity with RNA does depend on | 
If, for a given enzyme solution, aay, is greater than | 
More detailed | 
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SUMMARY 


At pH 2 the reaction of iodoacetic acid or iodoacetamide with 
the peptide component of subtilisin-modified ribonuclease is 
limited to the methiony] residue in position 17, and results in the 
formation of the corresponding sulfonium salts. These peptide 
derivatives show a markedly reduced ability to bind to the pro- 
tein component. Such modified-peptide:protein complexes, 
however, once formed, show a kinetic behavior very similar in all 
respects to the complex of the unmodified components. Oxida- 
tion of the methiony] residue to the sulfone has less effect on the 
binding constant. From kinetic measurements it is inferred that 
cytidine 2’ ,3’-phosphate is bound by the protein component only 
slightly less than by the catalytically active protein :peptide 
complexes. The possibility that the methionyl residue con- 
tributes to the association constant through hydrophobic bond- 
ing is discussed. No evidence was found that substitution of a 
carboxymethyl group on the histidyl residue in position 16 has 


any affect on the potential activity of the peptide. 





XUM 


P. J. Vithayathil and F. M. Richards 


wo 


oo ~I a ore 


_ 
id 


12. 


2351 


REFERENCES 


. VITHAYATHIL, P. J., AnD Ricuarps, F. M., J. Biol. Chem., 235, 


1029 (1960). 


. Hrrs, C.H. W., Moors, 8., anp Stern, W. H., J. Biol. Chem., 


235, 633 (1960). 


. SpackMan, D. H., Stern, W. H., anp Moore, S., Anal. Chem., 


30, 1190 (1958). 


. Gross, D., Nature (London), 178, 29 (1956). 
. Hirs, C. H. W., J. Biol. Chem., 219, 611 (1956). 
. Gunpiacu, H. G., Stern, W. H., anp Moore, 8., J. Biol. 


Chem., 234, 1754 (1959). 


. Ricwarps, F. M., anp VITHAYATHIL, P. J., J. Biol. Chem., 234, 


1459 (1959). 

Rerner, J. M., Behavior of enzyme systems, Burgess Publishing 
Company, Minneapolis, 1959. 

ScneraGa, H. A., Biochim. et Biophys. Acta, 23, 196 (1957). 


. Barnarp, E. A., anp Srern, W. D., Biochem. J., T1, 14 P 


(1959). 


. Ricuarps, F. M., J. Cell. Comp. Physiol., 54, Suppl. 1, 207 


(1959). 

KauzmMann, W., in M. L. Anson, K. Battey, anp J. T. Epsauu 
(Editors), Advances in protein chemistry, Vol. 14, Academic 
Press, Inc., New York, 1959, p. 1. 








Tue Journat or BiotocicaL CHEMISTRY 
Vol. 235, No. 8, August 1960 
Printed in U.S.A. 


The Metabolism of Serum Proteins 


III. KINETICS OF SERUM PROTEIN METABOLISM DURING GROWTH 


HENRY JEFFAY 


From the Department of Biochemistry, College of Medicine, University of Illinois, Chicago, Illinois 


(Received for publication, November 30, 1959) 


In most studies of the turnover rates' of the serum proteins, 
the incorporation into, or more usually, the loss of radioactivity 
from, the protein fractions are measured. Such data are inter- 
preted as an index of the turnover rate, assuming that the ani- 
mals are in a “steady state’ with respect to serum proteins. 
The interpretation of the loss of a radioactive protein from the 
vascular system in animals gaining or losing weight is more com- 
plex. 

It has been suggested that turnover of protein does not occur 
in rapidly growing microorganisms (1, 2) and in some animal 
tissues (3, 4). However, other evidence (5, 6) has been reported 
showing that turnover of nucleic acids and protein does occur 
in liver. 

It has been established (7) that a serum protein labeled with 
S*5 can be successfully employed as a tracer for the determina- 
tion of the turnover rate of the protein. Previous work in this 
laboratory (8) has shown that the turnover rate of albumin, but 
not of the various globulins, is increased when rats are maintained 
on a high protein diet and decreased when they are fed a low 
protein diet. The suggestion was made (8) that serum albumin 
can serve as a primary source of amino acids for the synthesis of 
other body proteins, either directly, without complete hydrolysis, 
or by contributing to the tissue amino acid pool. Yuile et al. 
(9) recently reported a slower turnover of both albumin and 
globulins when dogs were protein depleted, and a short half-life 
when the dogs were maintained on high protein diets. If this 
hypothesis is valid, the turnover rate of serum albumin would be 
expected to increase during growth when the synthesis of tissue 
protein is rapid, whereas the turnover rates of the various globu- 
lins would be unchanged. 

In this study, the rates of loss of radioactivity from an injected 
labeled serum protein fraction has been followed twice in the 
same animals, once during the growth period, and again when the 
animals were adults and presumably in a steady state. There 
was a more rapid decrease in the specific activity of albumin 
during growth than in the adult animal. The decrease in the 
specific activity of y-globulin was essentially the same during 
growth and maturity. By approximating the increase in the 
size of the albumin and y-globulin pools during growth, it is 
possible to calculate the turnover rates of albumin and y-globulin 
in growing rats. These rates were compared with the turnover 
rates of albumin and y-globulin in the same animals at maturity. 


1 For the purpose of this paper “‘turnover rate’’ is defined as the 
rate of formation or simultaneous disappearance of the substance, 
whichever is slower. In animals in the steady state, these rates 
are the same, but in animals gaining or losing weight, they are not. 


The turnover rate of albumin, but not of y-globulin, was found 
to be increased during growth. 


METHODS 


S**-labeled serum proteins were prepared biosynthetically, and 
separated electrophoretically as in earlier work (7). Rapidly 
growing Holtzman rats (3 to 4 weeks old) (29 to 47% increase 
in weight in 8 days) were given intravenous injections of labeled 
serum albumin (8.02 X 105 ¢.p.m. in 10.3 mg of albumin); a;- 
globulin (71,900 c.p.m. in 1.1 mg), ae-globulin (72,400 c.p.m. in 
0.41 mg), B-globulin (60,300 c.p.m. in 2.0 mg), or y-globulin 


(50,000 c.p.m. in 1.5 mg), and the radioactivity in the same | 
electrophoretic component isolated from serum was determined ; 
at intervals for 8 days by methods previously described (7). : 
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The procedure was repeated again when the same rats were | 


‘“nongrowing”’ adults (weighing approximately 300 g). 


Thus a | 


direct comparison of the half-life and replacement rate of each | 


of these proteins in the same rat during a period of rapid growth 
and at maturity was possible. Comparison of these values with 


the previously determined rates (8) in slower growing rats (9 to | 


14% increase in weight in 8 days) was also made. 
CALCULATIONS 


In the adult animal the observed decrease in the specific activ- 


ity after the injection of a labeled serum protein can be explained | 


almost entirely by the metabolic removal of the protein and its 


simultaneous replacement by an equal amount of protein of lower | 


specific activity (e.g. turnover of protein). Another minor con- 
tributing factor in decreasing the specific activity is the removal 
of radioactive protein by repeated blood sampling (approximately 
1 ml or <5% of the total circulating protein) and its sub- 
sequent replacement by lower specific activity proteins. 

The explanation for the decrease in specific activity of serum 
protein in growing animals is more complex. Besides the above 
two factors, there is also a dilution effect due to an increase in the 
total protein pool as the animal increases in size. 

Theoretically, this increase in pool size could be large enough 
to decrease the specific activity of the pool to the observed values, 
even if no labeled protein was actually lost. It would therefore 
seem appropriate to test the possibility that the decrease in 
specific activity is due to pool growth dilution and blood loss by 
sampling technique (in the growing animal 0.5 ml or approxi- 
mately 15% of the circulating protein was removed) without the 
catabolism of labeled protein. 


¢.p.m.j — ¢.p.m.p (1) 
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where S.A. = specific activity if turnover did not occur during 
growth 
c.p.m.; = total counts injected 
¢.p.m., = total counts lost by blood sampling 
pool, = mg of protein in pool at time z. 

The factor c.p.m., can be eliminated from the equation without 
appreciable change in the calculated value of the specific activity. 
Previous work in our laboratory (10), as well as in others (11), 
has shown that removing as much as 50% of the blood volume 
did not change the rate of decrease of circulating albumin specific 
activity during the following 5 days. Furthermore, calculation 
of the dilution of the specific activity due to the replacement of 
protein withdrawn during the experiment has shown this decrease 
in specific activity to be of inconsequential magnitude (e.g. Lines 
A and B, Fig. 2) and thus correction for this factor need not be 
made. 

c.p.m.; 


$.A. = = 
pool, 


c.p.m.j 
mg protein/g body weight X body weight 





(2) 


As will be discussed later, the results clearly show that the 
observed decrease in albumin specific activity is much more rapid 
than can be calculated by Equation 2. Therefore, turnover of 
albumin during growth may be assumed. In order to obtain 
the correct turnover rate, only that portion of the decrease in 
specific activity due to metabolism must be considered. An 
estimation of the expected specific activity, corrected for growth 
dilution, was made using Equation 3. 


10000 





Log Specific Activity (cpm/mg) 














T 
. 8 


Fig. 1. The decrease of serum albumin specific activity after 
injection of albumin-S* in a growing rat (No. 63). Line A shows 
the decrease of specific activity due only to a dilution by an in- 
creased albumin pool during growth (Equation 2). Line B is the 
rate experimentally determined. 
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Fig. 2. Comparison of the decrease of albumin specific activity 
in a growing and adult rat (No. 64). Line A is the experimentally 
determined rate in a growing rat. Line B is the rate corrected 
for the loss of radioactivity and albumin by blood sampling. 
Line C is the rate corrected for the expected dilution from an in- 
creased pool size as well as for the blood loss correction. Line 
D is the experimentally determined rate for the same animal when 
mature. 


total counts found at time ¢t 


8.A.; - - 
total protein at time 0 





S.A.cbs X mg protein/g body weight 
X weight at time ¢ 
mg protein/g body weight 
X weight at time 0 
where 8.A., = expected specific activity corrected for growth 
dilution. 


(3) 





RESULTS 


Is There Turnover of Albumin during Growth?—Assuming that 
the pool size in mg of albumin per g of body weight, measured 
in the adult steady state, applies to the growing animal, the 
total pool can be calculated from the body weight. The expected 
change in specific activity as a result of growth dilution (no 
turnover) is calculated as a function of time by Equation 2 and 
seen as Line Ain Fig. 1. It is evident that the observed decrease 
(Line B, Fig. 1) is much more rapid than that due to dilution 
(growth) alone, indicating that indeed albumin turnover occurs 
at a rapid rate during growth. 

Turnover Rate of Albumin—The results shown in Fig. 2 clearly 
show a faster rate of disappearance of labeled albumin in growing 
rats (Line A) than in nongrowing adults (Line D). However, 
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TaBLeE I 
Effect of growth on turnover of serum albumin* 


























Body weight ae 2 
Animal —_—— “body” mis, 
Initial | Final ight 
s |e | % | satlh| doe | RE 

Growing 

60 52 | 67) 29 4.6 2.0 0.067 

61 54 71 31 5.0 1.8 0.081 

62 50 | 55]! 10f 3.4 1.4 0.071 

63 46 | 63] 37 2.8 1.3 0.062 

64 52 | 76| 47 4.7 1.7 0.080 
Adulis 

60 272 | 284 9 3.5 2.6 0.039 

63 318 | 320 0 37 27 0.029 

64 258 | 268 5 2.6 2.9 0.037 

84 334 | 338 0 2.5 2.6 0.028 
Slow growingt 

26 176 | 191 9 3.7 2.0 0.053 

53 251 | 286 | 14 2:7 1.5 0.052 

2 159 | 175 10 4.5 2.7 0.048 

5 175 | 190 9 3.9 2.3 0.049 





* All values corrected as described in detail in text. 
¢ This animal died after 2nd blood sample was taken. 
} These values were previously determined. 
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Fic. 3. Comparison of the decrease of y-globulin specific ac- 
tivity in a growing and adult rat (No. 90). Line A is the experi- 
mentally determined rate in a growing rat. Line B is the rate 
corrected for the expected dilution from an increased pool size. 
Line C is the calculated rate, assuming the decrease of specific 
activity is due only to a dilution by an increased y-globulin pool 
during growth. Line D is the experimentally determined rate for 
the same animal when mature. 
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the observed specific activity must be corrected for growth dilu- 
tion with Equation 3. The calculated specific activity is shown 
as Line C, Fig. 2 for a typical rat which had an initial weight of 
46 g, and a final weight of 63 g. Although the correction is 
small, it is believed to be significant. Line C, Fig. 2, would 
then represent, as an approximation, the loss of radioactivity 
from the serum albumin due essentially to a removal of labeled 
protein and its replacement by unlabeled (or lower specific activ- 
ity) albumin from the blood, and we may now use these data 
for the further calculation of albumin turnover. 

With the use of the method of calculations previously described 
(7), the values presented in Table I were calculated. In order 
to make these figures more meaningful, the data from earlier 
work with more slowly growing animals are also included in the 
table. 

Table I indicates that the turnover rate of albumin appears 
to decrease as the animal matures. The half-life is lengthened 
from approximately 1.5 days in a rapidly growing rat, to 2.0 
days for a slower growing rat, to 2.6 days for an adult rat. The 
faster turnover of albumin is also reflected in the absolute turn- 
over rate, expressed as mg of albumin replaced per hour per g of 
body weight. Thus the replacement rate decreases from approxi- 
mately 0.07 mg of albumin per hour per g of body weight in young 
rats to 0.035 in adult rats. 

Turnover of y-Globulin—As can be seen in Fig. 3, the observed 
rate of decrease of specific activity of y-globulin in growing rats 
(Line A) was similar to the rate in adult animals (Line D). How- 
ever, when the data are corrected for the dilution of the labeled 
protein by the increase in y-globulin during growth, a slower 
turnover rate for y-globulin is obtained (Line C). Table II, 
based on the corrected data, shows a slow absolute turnover rate 
of y-globulin in rapidly growing animals. The half-life of the 
y-globulin varied from 6.1 to 13.8 days in the young animals, 
whereas it was 4.3 to 4.4 days in mature animals. 

Turnover of 8-Globulin—After the injection of 6-globulin-S* 
into growing rats, the specific activity of the circulating B-globu- 
lin fraction continued to rise for 3 days. This increase, shown 
in Fig. 4, was followed by a gradual loss in radioactivity, approxi- 
mately equivalent to a half-life for B-globulin of 4 days. No 
explanation is offered for these unexpected results observed in 

















TABLE II 
Effect of growth on turnover of serum +-globulins* 
: ae , | | i 
Body weight | Gein i 
Animal — body” | Pool 4 Lye 
Initial Final | weight | 
A * 1 | bods ot days | pieimit 
Growing | | | 
85 g1|117| 45 | 2.4 | 13.8 | 0.0049 
89 87 | 135 | 55 | 1.4 | 9.5 | 0.0043 
90 g9 | 138 | 55 | 1.8 | 6.1 | 0.0085 
Adults | 
89 339 | 319| -5 | 1.2 | 4.3 | 0.008 
90 308 | 300 0 | 1.7 | 4.4 | 0.011 
Slow growingt 
10 188 | 213; 13 | 1.5 | 5.3 | 0.009 
7 | 182 | 199 | 9 | 21 | 3.9 | 0.015 
39 190 | 240 | 26 | 1.6 | 6.2 | 0.007 
| 














* All values corrected as described in text. 
+ These values were previously determined. 
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all 6 of the growing rats which received labeled 6-globulin. In 
contrast, when these animals were adults, and the experiment 
was repeated, essentially the same results for the half-life and 
replacement rate of 6-globulin were obtained as in our previous 
work (8). 

Turnover of a-Globulins—After the injection of a;-globulin-S**, 
we attempted to follow the decrease in the specific activity of 
a:-globulin. However, the results were too erratic to be useful. 
It would appear that the rate of decrease in specific activity was 
slower in growing rats than in adult animals. 

We previously reported our inability to find sufficient radio- 
activity in the ae-globulin fraction after injection of labeled 
ae-globulin to permit any consideration of the turnover rate of 
this fraction. Again, in this study, both with growing and adult 
rats, the radioactive protein completely disappeared from the 
blood within 3 days. 


DISCUSSION 


The amount of protein involved in the daily turnover of serum 
albumin in growing rats is large compared with the actual change 
in pool size. Thus small differences in either the rate of forma- 
tion or degradation can account for these changes in pool size. 
During a 50 to 70 g increase in body weight approximately 100 
mg (0.07 X 24 X 60) of albumin are replaced by the daily turn- 
over, or an 800 mg turnover of albumin was observed over the 
8-day experimental period. Meanwhile, a net gain of only 50 
to 100 mg (20 X 2.5 to 20 X 5.0) of albumin occurred during this 
same period. Expressing this in other terms, we see that a 
change of only 6 to 12% in the rate of synthesis or degradation 
(or combination of the two processes) would produce this result. 
Swick (12) has shown that the net gain of liver protein in growing 
rats is very small compared to the quantity of protein replaced 
by the turnover. 

The values for the relative and absolute turnover rates of 
albumin and y-globulin may only be approximate. If the rate 
of disappearance of albumin actually measured in the growing 
rat were used, the turnover rate would be much faster than in 
the adult. Ifa correction is made for the increase in the albumin 
pool, the turnover rate becomes somewhat slower but still faster 
than that obtained with adults. However, for this correction 
we assumed the same relationship between the size of the albumin 
pool and body weight in young and mature animals. The 
calculated relationship shown in Table I indicates that young 
animals have 2.8 to 5.0 mg of albumin per g of body weight but 
adults have only 2.6 to 3.5 mg per g of body weight. If the 
values for the pool of the young rat (as approximately corrected 
in Tables I and II) are used instead of the adult values, the turn- 
over rate would be more rapid than now suggested, e.g. there 
would be a turnover of 850 to 900 mg of albumin in 8 days. 
Therefore, the true turnover rate may be between our “corrected 
values” and the “uncorrected values.” Also, we are not certain 
how significant these small rate differences are. In spite of these 
objections, it is tempting to generalize as follows: during growth 
there appears to be a rapid turnover of albumin, and, as the rate 
of growth decreases, the turnover rate decreases, reaching a 
minimum or basal rate in the adult animal in the steady state. 

Although the differences in the size of the albumin pool (ex- 
pressed as mg of albumin per g of body weight) were greater in 
the young animals than in adults, the vascular albumin levels 
were the same. This indicates there may be a difference in the 
concentration of extravascular, noncirculating albumin between 
young and adult animals. 


H. Jeffay 
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Fig. 4. Comparison of the rates of decrease of 8-globulin spe- 
cific activity in a growing and adult rat (No. 78). Line A is the 
experimentally determined rate in a growing rat. Line B is the 
experimentally determined rate for the same animal when an 
adult. 
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Fig. 5. Relationship of turnover rate to growth rate. @ = 
the individual values, X = the average values. The data were 
divided into five groups, depending on the growth rate (e.g. very 
rapid, rapid, slow, steady state, and negative growth rates) and 
the values averaged. 


The rate of y-globulin turnover is slower during the growth 
period, increasing as the animal matures. In fact, the turnover 
rate during growth is slow enough to question the existence of 
simultaneous synthesis and catabolism during growth (Fig. 3, 
Lines B and C). 

If the data represent the turnover of y-globulin during growth, 
then the quantity of daily y-globulin required for growth is not 











2356 


small relative to the daily turnover rate. A gain of 50 g of body 
weight should produce an increase in the y-globulin pool of 70 
to 120 mg, while there is an 8-day turnover of 96 to 160 mg. 
The synthetic rate of y-globulin in the young animal (for growth 
and turnover) is almost the same as that in the adult animal 
(for turnover). Apparently it is only the breakdown rate which 
is modified. 

An attempt was made to relate the turnover rate of albumin 
and the growth rate. This relationship is seen in Fig. 5 as a plot 
of the turnover (replacement) rate against the fractional increase 
in body weight over the experimental period. Data for the 
steady state and negative growth rate (loss of body weight) were 
taken from a previous publication (8). Unfortunately, insuffi- 
cient data are available to discern clearly the exact nature of the 
curve. 

However, the turnover rate appears to increase as some func- 
tion of the growth rate. If the average values are used (Fig. 5) 
and a smooth curve is drawn exactly through all the points, the 
results seem to indicate a sigmoid type curve. The curve as 
drawn (Fig. 5) suggests the possibility of limiting values for the 
turnover rate as the growth rate increases. By crude extrapola- 
tion, the maximum turnover rate appears to be in the range 
0.080 mg per hour per g of body weight at very rapid growth 
rates and a minimum value in the range of 0.015 mg when the 
animal is losing weight very rapidly. Although there is a maxi- 
mum achievable growth rate, it is not known if a turnover rate 
greater than 0.08 mg per hour per g of body weight can occur. 
These values must be taken with reservation because of the large 
dispersion of the experimental points from which the average 
values were taken. 

It should be emphasized that the term “rate of albumin turn- 
over,” as used in this and most similar studies, refers only to the 
rate of entry into and the simultaneous removal of the protein 
from the vascular compartment. It is usually assumed that the 
entry into the vascular compartment is the equivalent of syn- 
thesis, and removal, equivalent to break-down. Because there 
is evidence for a non-vascular pool of albumin which is in equilib- 
rium with the serum albumin, this assumption may not be en- 
tirely valid. 

The basal turnover rate may be defined as the turnover rate 
in the steady state (Fig. 5, y, where x = 0), and for rat serum 
albumin is 0.026 to 0.028 mg per hour per g of body weight. This 
basal rate may be changed if the pool of albumin is increasing 
or decreasing. There may be other factors which will alter the 
basal turnover rate. This work has shown that when an animal 
is rapidly synthesizing protein (growing), the rate at which the 
albumin leaves the vascular compartment is also increased. A 
cell probably has two sources of precursors for protein synthesis, 
synthesis de novo and the amino acids derived from albumin. It 
is interesting to speculate that when the rate of protein synthesis 
is rapid, there is an increase in albumin utilization, and when the 


Metabolism of Serum Proteins. 


III Vol. 235, No. 8 


need for precursors is decreased, the utilization of albumin is also 
decreased. 

Following the interpretation of Tarver (13), the increased 
albumin pool, shorter half-life, and increased replacement rate 
observed during the rapid growth period, would indicate an in- 
creased rate of synthesis of albumin. 


SUMMARY 


The rates of loss of radioactive serum proteins were followed 
twice in the same animals, once during the growth period and 
again during a steady state. There was a more rapid decrease 
in the albumin and y-globulin specific activity of growing animals 
than can be explained by (a) blood withdrawals, and subsequent 
replacement of lost protein by unlabeled protein and (6) a dilu- 
tion effect by the increase in the protein pool. It has been sug- 
gested that there is some catabolism of the protein during growth. 
In the sense that there is a balance of catabolism and synthesis 
of the protein, it is concluded that there is a “turnover” of the 
serum proteins during growth. 

After correcting for the change in the size of the pool over the 
experimental period, it is possible to calculate the turnover rates 
of albumin in growing animals. The turnover rate of albumin 
is fastest in the young rat, decreasing as the animal matures. It 
appears that much larger quantities of protein are involved in 
the daily turnover of albumin than in the increases of the albumin 
pool. A net change of 6 to 12% in the synthetic or breakdown 
rate, or both, would explain the albumin accumulation. 

The data indicate a much slower rate of y-globulin turnover 
in growing rats than in adults. 
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I. EFFECT OF DIETARY CREATINE* 
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Precise metabolic control of creatine biosynthesis may be 
inferred from the known constancy of creatinine excretion by 
individuals on a creatine- and creatinine-free diet. In a given 
physiological state, the rate of creatine synthesis might be ex- 
pected to depend upon (a) the supply of precursor compounds, 
arginine, glycine, and S-adenosylmethionine, and (6) tissue con- 
centrations of the two enzymes involved in creatine biosynthesis, 
arginine-glycine transamidinase (1, 2) and guanidinoacetate 
methylferase (3, 4), which catalyze Reactions 1 and 2, respec- 
tively. 

Arginine + glycine = ornithine + guanidinoacetate (1) 
Guanidinoacetate + S-adenosylmethionine — 
creatine + S-adenosylhomocysteine 

We first studied the problem of metabolic control of creatine 
biosynthesis in the rat. Our most significant preliminary finding 
was that rats fed a complete diet containing 3% creatine had 
kidney transamidinase activities which were markedly lower than 
the activities of control animals (6, 7). We interpreted these 
observations as indicating the possible operation in the rat of a 
negative feedback control of creatine biosynthesis, of the type 
termed “enzyme repression” by Vogel (8). In view of the im- 
portance of homeostatic controls, and the scarcity of known 
animal systems suitable for studying homeostatic mechanisms 
at the molecular level, we sought to establish the generality of 
our observations by investigating other experimental animals. 

We found the chick to be an especially suitable organism for 
such studies; in fact, the chick has proved to be even more re- 
sponsive than the rat to dietary creatine. Another advantage 
of employing chicks is that both of the enzymes involved in 
creatine biosynthesis are located in one large, readily accessible 
organ, the liver, whereas in mammals transamidinase is located 
in the pancreas (9) and kidney (1), and methylferase occurs in 
pancreas (10) and liver (3,4). In this paper the effect of creatine 
on creatine-synthesizing enzymes in the chick will be explored, 
and an attempt will be made to relate our observations to a pos- 
sible mechanism of metabolic control of creatine biosynthesis. 


(2) 


EXPERIMENTAL PROCEDURE 
Materials 
Two-day-old, male, white Leghorn chicks were obtained from 
Western Hatcheries, Gonzales, Texas, in groups of 100 chicks, 


* This research was supported by grants from the Robert A. 
Welch Foundation, Houston, Texas, and the United States Public 
Health Service. 

t Senior Research Fellow of the United States Public Health 
Service. 

1 Some aspects of the biochemistry of creatine have recently 
been reviewed by Ennor and Morrison (5). 


and grown in a five-deck brooder made by the Brower Manu- 
facturing Company, Quincy, Illinois (Catalog No. 9007, model 
542-1). The basal diet consisted of Purina Chick Startena 
pellets ground to a coarse powder with a motor-driven Straub 
laboratory mill. Hydroxyguanidine sulfate was synthesized as 
described elsewhere (11), except that the reaction time was short- 
ened from 24 hours to 6 hours. The following compounds were 
commercial products: creatine and creatinine from Nutritional 
Biochemicals Corporation; S-adenosylmethionine bromide from 
California Corporation for Biochemical Research; glycine-2-C™ 
from Volk Radio-Chemical Company; guanidinoacetate-2-C™“ 
from Research Specialties Company; trisodium pentacyano- 
amino ferrate and hydroxylamine hydrochloride from Fisher 
Scientific Company. 


Methods 


Enzyme Preparations—Chicks were fed the basal diet for a 
minimum of 3 to 4 days before starting an experiment. The five 
decks of the brooder permitted an evaluation of the effects of 
four different diets, along with a control group, at the same time. 
At times dictated by the particular experiment two or three 
chicks, depending on their size, were withdrawn from each of the 
dietary groups, anesthetized with ether, and decapitated. After 
bleeding had stopped, the livers were removed, transferred to 
chilled beakers, and pooled according to dietary group. The 
chilled livers were then weighed on an analytical balance, and 
15% homogenates were prepared with TenBroeck glass homoge- 
nizers; the homogenizing medium consisted of 0.1 m potassium 
phosphate buffer, pH 7.4, containing 0.001 m Versene (the di- 
sodium salt of ethylenediaminetetraacetic acid). Homogenates 
were generally stored in the frozen state prior to assay. For 
assays of methylferase and arginase activities, homogenates were 
centrifuged at 14,000 x g, and the supernatant solutions were 
dialyzed overnight against dilute buffer-Versene at 4°. 

Assay for Transamidinase Activity—The assay to be described 
was developed in this laboratory; it is based upon the following 
transamidination reaction. 


Arginine + hydroxylamine — ornithine + hydroxyguanidine (3) 


Hydroxyguanidine is determined as its colored complex with 
Nas(Fe(CN);NHs); it is necessary to add acetone to minimize 
interference of color development by hydroxylamine. The assay 
is specific for arginine-X transamidinases (12), a group of en- 
zymes of which mammalian arginine-glycine transamidinase is a 
member, and its simplicity and reproducibility are ideal for 
studies such as these. The complete incubation mixture con- 
tained: 0.5 ml of chick liver homogenate; 0.1 ml of 1 m phosphate 
buffer, pH 7.4; 0.1 ml of 1 M L-arginine-HClI; and 0.3 ml of 2 m 
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Fig. 1. Liver transamidinase activities of chicks fed diets con- 
taining various concentrations of creatine. Chicks were 6 days 
old at start of experiment. After 74 hours, the chicks fed pow- 
dered Startena containing 2% creatine were divided into two 
groups: one group was fed the control diet of powdered Startena, 
whereas the other group was given no food at all. A transami- 
dinase activity of 100% represents 17 umoles of hydroxyguanidine 
formed per hour per gram of liver (fresh weight). 


NH,OH-HC!I neutralized with KOH. (In practice, NH.OH- 
HCl, sufficient to make a 2 solution, is dissolved in chilled 2 m 
KOH and stored in the frozen state until needed.) For a blank, 
10 mg of t-ornithine- HC] is substituted for arginine; for a stand- 
ard, 150 wg of hydroxyguanidine sulfate is substituted for the 
homogenate. After an incubation period of 90 minutes at 37°, 
the reactions were terminated with 1.0 ml of water plus 0.4 ml of 
30% trichloroacetic acid. After 10 minutes the tubes were 
centrifuged and 1.5-ml aliquots of the supernatant solutions were 
added to test tubes (13 x 100 mm). To each tube were then 
added 0.5 ml of water; 2.0 ml of 1 m potassium phosphate, pH 
7.0; 0.3 ml of acetone; and 0.3 ml of a 1% solution of Na;(Fe- 
(CN)sNHs;). The solutions were thoroughly mixed with a footed 
stirring rod, and after 10 minutes the optical densities were read 
at 480 my with a Bausch and Lomb Spectronic-20 colorimeter. 

Assays for Other Enzymes—Dialyzed liver extracts were 
assayed for guanidinoacetate methylferase activity by a method 
similar to that employed by Cantoni and Vignos (4). The 
creatine formed from guanidinoacetate and S-adenosylmethio- 
nine was determined by the diacetyl method. For the arginase 
assay, the dialyzed liver extracts were fortified with 2 mm man- 
ganous ions and incubated with arginine for 1 hour at 37°, in 
0.1 m Tris buffer, pH 8.6. The urea formed was determined by 
a colorimetric method (13). 

Radioactivity Experiments—Incubations were carried out for 
2 hours at 37° in 0.1 m Tris buffer, pH 7.4, with 0.4 ml of dialyzed 
supernatant solution as the enzyme source; the final volume was 
1.0 ml. The substrates employed are indicated in the individual 
experiments; S-adenosylmethionine was omitted from control 
tubes. At the end of the incubation period, 1.0 ml of water 
containing 4 mg of creatine plus 3 mg of guanidinoacetate was 
added to each tube, and the reactions were immediately stopped 
by heating at 100° for 3 minutes. Aliquots of the supernatant 
solutions were spotted on paper chromatograms, which were then 
developed overnight with buffered phenol (14). The chromato- 
grams were dried for 6 hours in a hood and then sprayed very 
lightly with an alkaline ferricyanide-nitroprusside solution (14, 
15). The purple creatine spots and the orange guanidinoacetate 
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spots were outlined with a soft pencil, cut out, and eluted with 
distilled water onto planchets. The planchets were dried and 
counted with a thin window Geiger tube (background 19 c.p.m.), 


RESULTS 


Effect of Dietary Creatine on Chick Liver Transamidinase— 
Neither creatine nor its metabolites, creatinine and phosphoryl- 
creatine, inhibits the activity of chick liver transamidinase, as 
measured under conditions in vitro. However, dietary creatine, 
administered over a period of time, does lower the concentration 
of enzymatically active chick liver transamidinase. The time- 
courses of enzyme repression for various levels of dietary creatine 
are shown in Fig. 1. Chick liver transamidinase activity is 
repressed more rapidly, and to a greater extent, than was the 
case with rat kidney transamidinase (6); in addition, the con- 
centration of dietary creatine required for a given degree of 
repression is much lower in the case of the chick. 

The reversibility of creatine repression is also demonstrated 
in Fig. 1. At the time indicated by the arrow, creatine was re- 
moved from the diet of chicks fed 2% creatine; the solid line 
shows the time-course of restoration of the transamidinase level 
when chicks were fed the control diet. The dash curve following 
the arrow in Fig. 1 shows a continued decline in the transamidi- 
nase level when both the control diet and creatine were omitted. 
It would appear that the absence of dietary creatine is necessary 
but not sufficient for restoration of the normal enzyme level. 
One might, for example, speculate that the restorative process 
requires intake of foodstuffs to supply ATP and amino acids for 
de novo synthesis of transamidinase (cf. ““Discussion”’). 

Dietary creatinine, in contrast to creatine, has no significant 
effect on the level of chick liver transamidinase (Table I). In 
the chick, the effects of creatine precursors are more complex 
than in the rat. These effects will be the subject of a future 
publication; however, the primary repressor appears to be crea- 
tine, or a metabolite derived from creatine. Support for this 
tentative conclusion has been obtained in our earlier experiments 
with rats (6). 

Effect of Dietary Creatine on Levels of Certain Other Chick Liver 
Enzymes—The question next arises as to whether dietary creatine 
also affects the level of enzymes related metabolically or mecha- 
nistically to arginine-glycine transamidinase. In Table II are 
given the results of experiments designed to answer this question. 
It can be seen that, whereas liver transamidinase activity is 
repressed in chicks fed creatine, the level of guanidinoacetate 
methylferase remains essentially unchanged from that of the 
control values. The level of arginase, the hydrolytic enzymic 
counterpart of transamidinase, likewise remains unchanged in 
the livers of chicks fed creatine. If these results can be extrap- 


TaBLeE | 
Comparison of effects of dietary creatine and creatinine on 
levels of chick liver transamidinase 
Chicks (12 days old) were fed indicated diets for 3 days. An 
enzyme activity of 100 represents 14.7 umoles of hydroxyguanidine 
formed per hour per gram of liver (fresh weight). 
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olated to other enzymes, it would appear that out of the hundreds 
of enzymes present in chick liver, creatine represses only trans- 
amidinase. 

Formation of Creatine from Radioactive Precursors in Liver 
Extracts from Creatine-Fed and Control Chicks—These experi- 
ments in vitro with radioactive precursor compounds were carried 
out partly to obtain independent confirmation of certain of the 
results already described, and partly to see if a reduced trans- 
amidinase level might indeed affect the rate of conversion of 
glycine to creatine. Chick liver is an especially favorable tissue 
for such a study, since it contains both of the enzymes responsible 
for creatine synthesis, and most probably is the physiological site 
of creatine synthesis in the chick.2 It is apparent from the 
results summarized in Table III that radioactive glycine is in- 
corporated into creatine at a lower rate in the case of chicks fed 
creatine, whereas radioactive guanidinoacetate is converted to 
creatine at the same rate in both control and creatine-fed chicks. 
It may also be seen from Table III that the activity of guanidino- 
acetate methylferase is not inhibited by creatine. Similar 
experiments have shown that methylferase activity is likewise 
not inhibited by creatinine or phosphorylcreatine. 

Preliminary Experiments Relating to Mechanism of Dietary 
Creatine Effect—Transamidinase activity in liver homogenates 
from creatine-fed chicks is not restored by overnight dialysis, 
by treatment with trypsin, or by incubation with cysteine. In 
addition, the transamidinase activity of liver homogenates from 
control chicks is not affected by the addition of liver homogenate 
from creatine-fed chicks. From these observations it would 
appear that the repression of transamidinase activity by dietary 
creatine does not involve the formation of a dialyzable inhibitor, 
a loosely bound macromolecular inhibitor, or a readily reversible 
inhibitor of the essential sulfhydryl group of transamidinase (19). 
For the restoration in vivo of transamidinase activity in both 
chicks and rats, intake of food is apparently required (cf. Fig. 1). 


DISCUSSION 


The rationale for administering dietary creatine in our studies 
with rats (6) and chicks was to increase the levels of tissue crea- 
tine (20, 21) and so exaggerate, for experimental purposes, any 
physiological feedback mechanism which might be present. 
However, before relating the lowering of transamidinase activity 
by dietary creatine to a metabolic control mechanism for regulat- 
ing creatine biosynthesis, the specificity of both repressing agent 
and target enzyme should be thoroughly explored. Many ex- 
periments remain to be done in this area, but our preliminary 
results indicate a reasonably specific relationship between crea- 
tine as the repressing agent and tissue transamidinase as the 
target enzyme, as long as the animals are fed a complete diet. 

We have found that even 1 day of starvation or an inadequate 
diet markedly reduces the level of transamidinase in our experi- 
mental animals. It is therefore not surprising that Van Pilsum 
(22) has observed that feeding weanling rats a protein-depletion 
diet for 16 days depressed the kidney transamidinase levels to 
15% of the control values (the animals were reported near death 
before they were killed). We should like to point out that our 
laboratory also has carried out chronic experiments with rats and 
determined the effect on kidney transamidinase. However, in 
our experiments weanling rats were fed for 28 days a complete 


2 Our studies in vitro have indicated that in mammals pancreas 
is a major site of creatine biosynthesis (9, 10); certain experiments 
in vivo are compatible with this concept (16-18). 


J. B. Walker 
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TaBLeE II 

Effect of dietary creatine on levels of various chick liver enzymes 

The individual assays were based on the formation of the fol- 
lowing products: (a) hydroxyguanidine for transamidinase, (6) 
creatine for methylferase, and (c) urea for arginase. Experiment 
1: Chicks (18 days old) were fed the indicated diets for 3 days. 
The basal diet for this one experiment was Layena Chow rather 
than Startena. Experiment 2: Chicks (5 days old) were fed the 
indicated diets for 4 days. 























Enzyme activity (umoles product formed per hr 
per g of liver, fresh weight) 
Diet 
Arginine-glyci Guanidi tate . 
transamidinase | methylferase |  Aréinase 
Experiment 1 
ee 7.3 1.0 
3% creatine........ 0.5 1.1 
Experiment 2 
OG. 5. oss ws 0s 14.5 4.7 
2% creatine........ 1.0 4.4 
TaBLeE III 


Conversion of radioactive precursors into creatine in dialyzed chick 
liver extracts 











c.p.m. in creatine 
Additions 
Control Creatine-fed 
chicks chicks* 
Experiment 1 
a. Glycine-2-C'* (31,500 c.p.m.), 0.26 5,800 1,800 
yumoles 
+ Arginine, 0.95 umoles 
+ S-Adenosylmethionine, 3.3 wmoles 
b. Guanidinoacetate-2-C™ (21,000 17,000 16,500 
c.p.m.), 0.25 wmoles 
+ S-Adenosylmethionine, 3.3 uymoles 
Experiment 2 
a. Guanidinoacetate-2-C'4 (22,000 12,400 
c.p.m.), 0.25 uymoles 
+ S-Adenosylmethionine, 3.3 umoles 
b. Same as a. 12,200 
+ Creatine, 30 umoles, added at start 
of experiment 











* Chicks (5 days old) were fed 2% creatine for 4 days; the trans- 
amidinase activity, as measured by arginine-NH2OH transami- 
dination, was 7% that of the controls. 


diet of powdered Purina Chow containing 0,1%, 3%, and 5% 
creatine. We found that the rate of weight gain was the same 
for all animals; no toxic effect was noted for the high creatine 
diets (20, 23). Nevertheless the relative kidney transamidinase 
levels after 28 days were 100, 37, 18, and 8.5 for rats fed 0, 1%, 
3%, and 5% creatine, respectively. It is obvious that if rats 
grow and thrive on prolonged creatine feeding, the enzyme pat- 
terns of their various tissues must in general remain unchanged. 
It would thus appear that creatine repression of rat kidney 
transamidinase is a specific phenomenon unrelated to a general- 
ized decrease in protein synthesis due to toxicity effects or in- 
adequate food intake. As for chicks, we have noted no ill effects 
of long term feeding of high creatine diets; Almquist et al. (21) 
have in fact reported a beneficial effect of dietary creatine on 
chick growth. Consequently we are satisfied that, in chicks also, 
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the marked lowering of the transamidinase level which we have 
observed after creatine feeding is not the result of a general toxic 
effect or nutritional deficiency. However, the latter possibilities 
should be taken into account when interpreting results of studies 
of transamidination after administering toxic compounds (24), 
protein deprivation (22, 24), or after certain operative proce- 
dures (17, 18). 

It is of interest that Hoberman et al. (25) suggested in 1948 
that creatine feeding might reduce creatine synthesis; Goldman 
and Moss (17) have recently proposed that creatine retained 
from catabolized tissue might produce the same effect. From 
our work, also, it would appear that an increase in concentration 
of creatine in the tissues where it is synthesized, whether the 
creatine is of exogenous or endogenous origin, reduces the rate 
of its biosynthesis. Observance of the same type of phenomenon 
in both rat kidney (6) and chick liver suggests that a basic 
physiological control mechanism might be involved. 

If our experimental observations are indeed related to a meta- 
bolic control mechanism for regulating the rate of creatine bio- 
synthesis, it might be desirable to postulate a scheme which would 
furnish a framework for the design of future experiments. Such 
a scheme, which is compatible with all our experimental results 
obtained to date, is depicted in Diagram 1. From this scheme 





DiacRraM 1 
Amino acids 
1 nae -—-——Creatine — any 
0” ai ! / | Methylferase 
iP a ernst Sennen don ee 
Glycine Transamidinase Guanidinoacetate 
entities ornithine 


it would be predicted that, in addition to creatine, anything 
which interferes with protein synthesis in general, such as anti- 
metabolites, or the lack of amino acids or ATP, would also lower 
the level of tissue transamidinase or hinder the recovery from 
creatine repression, and this is indeed the case. As stated earlier, 
however, much work remains to be done before such a scheme 
can be considered as established; compatible alternative mecha- 
nisms will continue to receive serious experimental consideration. 

Heretofore most of the studies on end product regulation of 
enzyme concentration have been carried out with bacteria (8, 
26-30), although analogous feedback systems have recently been 
reported to occur in cultures of mammalian cells (31) and in 
higher animals (32, 33). It is our hope that the simple and rea- 
sonably clear-cut experimental systems described in this and the 
previous (6) papers will convince additional investigators that 
higher animals can be employed in such studies with a precision 
and ease of manipulation approaching that of bacteria. Our 
repression and recovery experiments might be thought of as a 
phenomenon which is the mirror image of the induction and decay 
of enzyme synthesis in mammalian livers, as brilliantly elucidated 
by Knox and others (33, 34). It is of interest that induction 
appears often to involve primarily catabolic enzymes, whereas 
our system involves an enzyme which participates in a normal 
biosynthetic pathway. 

SUMMARY 


1. Feeding chicks a complete diet containing 2% creatine for 
3 days lowers the activity of chick liver arginine-glycine trans- 


Control of Creatine Biosynthesis 
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amidinase to 8% of the control value. When creatine is removed 
from the diet of creatine-fed chicks, transamidinase activity is 
readily restored. No toxic effect of dietary creatine has been 
noted in long term feeding experiments. Dietary creatinine, in 
contrast to creatine, has no significant effect on the liver trans- 
amidinase level. 

2. Enzyme repression by dietary creatine appears to be specific 
for transamidinase; the levels of guanidinoacetate methylferase 
and arginase in chick liver remain unchanged after creatine 
feeding. The activities of transamidinase and methylferase are 
not inhibited by creatine, creatinine, or phosphorylcreatine, as 
measured by assays in vitro. 

3. The possibility that these phenomena reflect the operation 
of a homeostatic mechanism for the control of creatine biosyn- 
thesis is discussed. 


Acknowledgment—The author is indebted to Mrs. Margaret 
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Although it is well established that only two enzymes, trans- 
amidinase and guanidoacetate methylpherase, are directly in- 
volved in the formation of creatine (1-4), almost nothing is 
known about the regulation of creatine synthesis. Since various 
diseases alter creatine metabolism (5), it is possible that a study 
of transamidinase and guanidoacetate methylpherase activities 
in some of these diseases would furnish clues to the physiological 
control of creatine synthesis. 

One of the diseases that disturbs creatine metabolism is hyper- 
thyroidism (6) and it will be shown in the present report that 
hyperthyroidism reduces kidney transamidinase activity. Since 
this could be due to the elevated blood creatine concentration 
of hyperthyroidism (6), creatine feeding experiments were con- 
ducted. The data obtained show that excess creatine also 
reduces the activity of kidney transamidinase in the rat and 
demonstrate a feedback mechanism (7) in a mammal. 


EXPERIMENTAL PROCEDURE 


Female Sprague-Dawley rats weighing approximately 190 g 
each were given a basal diet consisting of casein, 18 g; sucrose, 
74.5 g; hydrogenated vegetable fat (Crisco), 3 g; cod liver oil, 
2 g; salt mix (8), 2 g; choline chloride, 0.1 g; thiamine hydro- 
chloride, 0.5 mg; riboflavin, 0.5 mg; niacin, 2 mg; inositol, 10 
mg; calcium pantothenate, 1 mg; pyridoxine hydrochloride, 0.5 
mg; biotin, 5 ug; 2-methyl-1,4-naphthoquinone, 25 yg; and 
vitamin By, 3 ug. Groups of rats were given this basal diet 
without supplement and with either 0.25% desiccated thyroid, 
2.5% creatine, or 2.5% creatinine. Weight gains were recorded 
and after 3 to 5 weeks the animals were killed to assay kidney 
transamidinase activity by the method of Van Pilsum (9), with 
the Sims method for developing the Sakaguchi color reaction (10). 

In another series of experiments, weanling female Sprague- 
Dawley rats were given the basal diet described above with or 
without the addition of 2.5% creatine. They were killed at 
varying time intervals after the diets were begun to determine 
the time course of the effect of creatine on kidney transamidinase 
activity. Also kidney homogenates from normal and creatine- 
fed animals from this group of rats were mixed and assayed for 
transamidinase activity by the preceding procedure. 

Since it was found that creatine in high concentrations inter- 
fered with the Sakaguchi reaction, the effect of creatine added 
in vitro to the enzyme system was measured by following the 
incorporation of glycine-1-C™ into glycocyamine. A 2-ml incu- 
bation mixture composed of 0.5 ml of 4% rat kidney homogenate, 
20 umoles of glycine-1-C“ (3500 c.p.m. per umole), and 20 umoles 


* Supported by research grant No. A-3615 from the National 
Institutes of Health, United States Public Health Service. 

+ This work was done during the tenure of a National Vitamin 
Foundation-Russell M. Wilder Fellowship. 


of arginine in 0.067 m phosphate buffer at pH 7.4 was incubated 
at 37° under air for 1 hour. The reaction was stopped by heating 
a 1.0-ml aliquot of the incubation mixture in a boiling water 
bath for 10 minutes. Protein was removed by the addition of 
barium hydroxide and zinc sulfate as in the Van Pilsum procedure 
(9). Glycocyamine, 200 mg, was dissolved in 3.8 ml of the 
protein-free filtrate by addition of a few drops of 2 Nn HCl and 
precipitated by neutralization of the solution with 2 n NaOH. 
The glycocyamine was dissolved and precipitated in the above 
manner three times, washed with 95% ethanol, plated into 
metal planchets, weighed, and counted at infinite thickness with 
an end window Geiger tube. No corrections were applied to 
the observed counts per minute since only the relative amounts 
of glycocyamine formed were of interest. Kidney transami- 
dinase activity in a creatine-fed rat was also assayed by this 
procedure. 


RESULTS 


The feeding of creatine, creatinine, or desiccated thyroid de- 
pressed growth as is illustrated by the data in Table I. This 
growth depression by creatine and creatinine feeding has not 
been previously observed (11), nor is it easily explainable on the 
basis of present concepts of creatine metabolism. Kidney trans- 
amidinase activity was depressed by hyperthyroidism and cre- 
atine feeding whereas creatinine feeding was without effect on the 
enzyme (Table II). 

The addition in vitro of 20 or 50 wmoles of creatine did not 
inhibit transamidinase (Table III). This concentration of cre- 
atine in vitro would be considerably in excess of the kidney con- 
centration of creatine in the creatine-fed animals. It was sur- 
prising to find that three different experiments all showed small 
increases in incorporation of glycine into glycocyamine when 
creatine was added to the incubation mixture. This apparent 
stimulation in vitro of glycocyamine formation by creatine needs 
further study before its significance can be evaluated. 

In an effort to obtain evidence on the mechanism of the reduc- 
tion in transamidinase activity by creatine feeding, the effects 
of mixing homogenates from normal and creatine-fed animals 
were investigated. The results presented in Table IV do not 
give evidence of an enzyme inhibitor since the enzyme activities 
were additive. 

Dietary creatine exerted a demonstrable effect on kidney 
transamidinase within 1.5 days, and the maximum depression 
of enzyme activity had occurred after 4 days of feeding (Table V). 


DISCUSSION 


The effect of creatine on transamidinase activity appears to be 
specific. It is clearly not just the result of inanition, since 
creatinine feeding caused a greater reduction in weight without 
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any effect on transamidinase activity. Indeed the low trans- 
amidinase activity known to occur with protein starvation (9) 
may be secondary to elevated blood creatine concentrations. 
Also, it is difficult to conceive of creatine having a widespread 
effect on many enzymes when the only byproduct of creatine 
metabolism is creatinine (12, 13), and the only other known reac- 
tion of creatine in the body is the reversible formation of phos- 
phocreatine. 

The mechanism whereby creatine feeding reduces transami- 
dinase activity is of considerable theoretical interest. Since the 
addition of creatine in vitro did not inhibit the enzyme, and the 
results of homogenate-mixing experiments gave no evidence of 
an enzyme inhibitor in the kidneys of the creatine-fed rats, it 
would appear that creatine feeding leads to a reduced concen- 
tration of kidney transamidinase. This reduction could result 
from increased destruction or decreased synthesis of the enzyme. 
Neither possibility has been eliminated, but the latter is con- 
sidered the more likely since end product repression of enzyme 
synthesis can be demonstrated in microorganisms (14,15). This 
then is an example of a feedback mechanism occurring in a 
mammal. 

The reduction in kidney transamidinase activity in the cre- 
atine-fed animals offers an explanation for the low transamidinase 
activity observed in hyperthyroid rats. Hyperthyroidism is 
known to result in elevated blood creatine concentrations (6) 
which in turn may depress transamidinase activity. It should 
be mentioned, however, that a quite low kidney transamidinase 


TABLE I 
Effect of creatine, creatinine, and desiccated 


C. D. Fitch, C. Hsu, and J. S. Dinning 


TaBLeE III 
Incorporation of glycine-1-C'* into glycocyamine 
by kidney homogenates 

The complete incubation mixture consisted of 20 umoles glycine- 
1-C'* (3500 c.p.m./umole), 20 umoles arginine, and 0.5 ml of 4% 
kidney homogenate in a total volume of 2 ml of 0.067 m phosphate 
buffer at pH 7.4, incubated at 37° under air for 1 hour. A 1-ml 
aliquot of the incubation mixture was used to isolate glycocyamine 
by a carrier procedure. 

















Source of homogenate Alterations in incubation mixture ee 

c.p.m. 
Normal rat Boiled before incubation 3 
Normal rat Less arginine 3 
Normal rat None 31 
Normal rat +20 umoles creatine 42 
Normal rat +50 umoles creatine 37 
Normal rat +100 umoles creatinine 29 
Creatine-fed rat None 9.4 

TaBLeE IV 


Effect of mixing kidney homogenates from 
normal and creatine-fed rats 
The incubation mixture consisted of 20 umoles of glycine, 20 
pmoles of arginine, and either 0.5 ml of 4% kidney homogenate 
from normal or creatine-fed rats or a mixture of 0.25 ml from a 
creatine-fed and 0.25 ml from a normal rat in a total volume of 
1.5 ml of 0.067 m phosphate buffer, pH 7.4. 





Glycocyamine formed 














thyroid on growth of rats Normal Creatine-fed | 1:1 Mixture 
P No. of . ‘ pmoles/g wet wt. kidney/hr 
Diet . Weight gain pe 
— 26.4 | 7.6 16.3 
g/day 24.0 12.0 17.9 
MI cist csc cea ta miacimiecatoe ease 10 1.9 
Basal + 0.25% desiccated thy- 
Mee ca eee haces eke cee 5 0.5 <0.01 TABLE V 

Basal + 2.5% creatine........ 5 1.4 <0.01 Time course of depression of transamidinase 
Basal + 2.5% creatinine...... 5 1.1 <0.01 activity by creatine feeding* 














* Probability that the differences from the basal group are due 
to chance. 


TABLE II 


Effect of creatine, creatinine, and desiccated thyroid 
on rat kidney transamidinase* 








k No. of Transami- 
Diet animals lee et 

REIN Aa oie SIND ay ME ll 15.3 
Basal + 0.25% desiccated thy- 

oe | A re 5 11.8 <0.05 
Basal + 0.25% desiccated thy- 

Oe 6 5.9 <0.01 
Basal + 2.5% creatine........ 4 5.8 <0.01 
Basal + 2.5% creatinine...... 4 15.8 














* Van Pilsum assay procedure (9). 

t umoles glycocyamine formed per hr per g wet weight of kid- 
ney. 

t Probability that the differences from the basal group are due 
to chance. 








Days after starting diet % of normal 
0.5 100 
1.5 61 
2.5 45 
4.5 37 
12.0 36 








* Two or three animals for each time interval. 


activity may be compatible with a normal rate of creatine syn- 
thesis by the intact animal. This is believed to occur in protein 
starvation (16). 

While this manuscript was in preparation, a report by Walker 
(17) appeared, describing experiments similar to the creatine 
feeding experiments reported here and with quite similar results. 


SUMMARY 


The effects of hyperthyroidism and creatine and creatinine 
feeding on rat kidney transamidinase was investigated. Crea- 
tine feeding and hyperthyroidism resulted in reduced transami- 
dinase activity while creatinine feeding was without effect. It is 
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concluded that the effect of creatine feeding on transamidinase 
represents a feedback mechanism which in turn may explain 
the effect of hyperthyroidism. 
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The enzymatic transfer of the amino acyl moiety of specific 
enzyme-bound amino acyl adenylate (prepared enzymatically 
from free amino acid and adenosine triphosphate or from amino 
acyl adenylate prepared by organic synthesis) to soluble ribonu- 
cleic acid and to microsomal proteins has been demonstrated (1). 
These results are consistent with the series of reactions which 
have been implicated in the incorporation of free amino acids 
into proteins: (a) carboxyl activation of free amino acids in the 
presence of specific amino acid-activating enzymes and ATP to 
form enzyme-bound amino acy] adenylates (2, 3); (6) transfer of 
the amino acyl moiety from this complex to soluble RNA result- 
ing in the formation of specific RNA-amino acid complexes 
(1, 4-6); (c) interaction of soluble RNA-bound amino acid within 
the microsome, possibly involving the participation of micro- 
somal RNA, with the subsequent incorporation of amino acids 
into a peptide-bound form in microsomal ribonucleoprotein (5, 
7). 

Considerable evidence supporting each of these reactions has 
been obtained in studies carried out with isolated systems; for 
example, incorporation of amino acid into soluble RNA has been 
reported frequently in cell-free preparations from which amino 
acid-acceptor ribonucleoprotein has been omitted. Little or no 
information is available, however, which indicates the sequential 
formation of the intermediates in a system actively catalyzing 
incorporation of free amino acids into proteins; demonstration 
of such sequential reactions is rendered difficult by the rapid 
uptake of amino acids into proteins in the presence of microsomes, 
radioactive intermediates in isotopic experiments thus occurring 
only transiently. Radioactive leucine associated with superna- 
tant and microsomal RNA has been isolated from intact ascites 
cells incubated at 25° with C™-leucine (5); however, the rate of 
labeling of soluble RNA was so rapid that it occurred even at 0° 
and no satisfactory rate curve could be obtained. This report 
presents evidence that in cell-free rat liver preparations obtained 
from slightly more dilute homogenates, and in incubations at 
lower temperatures, the incorporation of radioactive precursors 
into soluble and microsomal RNA-amino acid can be demon- 
strated before incorporation of amino acid into ribonucleopro- 
tein. 


* Supported in part by research grants from the American Can- 
cer Society (P-177) and the United States Public Health Service 
(A-1397). 

+ Senior Research Scholar of the United States Public Health 
Service. 


EXPERIMENTAL PROCEDURE 


Livers of 30- to 40-day-old rats were homogenized in 2.3 vol- 
umes (to obtain the 33% homogenate) or in 4 volumes (to obtain 
the 20% homogenate) of a solution of the following composition: 
0.35 m sucrose, 0.035 m KHCOs, 0.025 m KCl, and 0.004 m 
MgCl,. The nuclear and mitochondrial fractions were removed 
by centrifugation at 12,000 x g for 15 minutes; the supernatant 
was filtered through 4 layers of gauze and 1.5 ml (combined 
microsomal-supernatant fractions) were incubated with 10 
umoles of phosphoenolpyruvic acid, 40 ug of crystalline pyruvate 
kinase, and either randomly labeled C™-.-leucine (0.07 umoles, 
170,000 c.p.m.) plus 1 wmole of ATP, or 8-C"-ATP (1.6 umoles, 
290,000 c.p.m.). Total incubation volumes were 1.8 ml. After 
the incubation the mixture was chilled, diluted with 3 volumes 
of.cold buffered salt-sucrose solution described above and centri- 
fuged at 100,000 x g for 2 hours to separate the microsomal and 
supernatant fractions; concentrated perchloric acid was then 
added to a final concentration of 0.4 m. 

In experiments with isolated supernatant, the cellular superna- 
tant fraction (1.5 ml) obtained by centrifugation of the 12,000 
X g supernatant at 100,000 x g for 2 hours, was incubated as 
described above for the combined microsomal-supernatant frac- 
tions. After incubation, perchloric acid was added to precipitate 
the acid-insoluble fraction. In experiments with isolated micro- 
somes, the 12,000 x g supernatant was diluted with 7 volumes 
of buffered salt-sucrose solution before sedimentation at 100,000 
X g for 2 hours, in order to minimize contamination with super- 
natant fraction. The microsomes were resuspended in a volume 
corresponding to 4 the original 12,000 x g supernatant and 0.8 
ml was incubated as described above in the presence and absence 
of 0.7 ml of 100,000 x g supernatant. The perchloric acid- 
insoluble fraction was prepared from the separated microsomal 
and supernatant fractions after incubation. 

The individual acid-insoluble fractions prepared from incuba- 
tions with C'-leucine or C“-ATP were washed repeatedly with 
0.2 n perchloric acid, ethanol-0.2 n perchloric acid (5:1), ethanol, 
and ethanol-ether (3:1) at 45° (5). In experiments with C**- 
leucine, the RNA-amino acid complex was isolated with two 
extractions with 10% NaCl at 100° for 30 minutes (pH 2 to 3), 
precipitated with 60% ethanol and dialyzed. Although extrac- 
tions of RNA-amino acid complex are extremely reproducible as 
evidenced by spectrophotometric and radioactivity analyses 
(less than 5% variation in duplicate extractions), quantitative 
recoveries are not obtained under these conditions (5). Due to 
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Fie. 1. Incorporation of C'4-leucine into microsomal and super- 
natant fractions. Incubations as described in text, at 37.5°, with 
combined microsomal-supernatant fractions obtained from 33% 
rat liver homogenate. Values are expressed as total c.p.m. in 
isolated supernatant RNA-amino acid (O——O), microsomal 
RNA-amino acid (@——@), supernatant proteins (Q——D), and 
microsomal proteins (@—). 
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Fic. 2. Incorporation of C'4-leucine into microsomal and super- 
natant fractions at 37.5° (A) and 27.5° (B). Incubations as de- 
scribed in text, with combined microsomal-supernatant fractions 
obtained from 20% rat liver homogenate. See legend to Fig. 1 for 
explanation of symbols; incorporation of C**-leucine into super- 
natant RNA-amino acid in incubations with supernatant fraction 
only (O-----O). 


the heterogeneous nature of the nucleic acids in these fractions, 
particularly if portions of soluble RNA are transferred to the 
microsomal particles, corrections have not been made for the 
total radioactivity in RNA present in the supernatant or micro- 
somal fractions. The results are expressed as counts per minute 
in isolated RNA. In experiments with C'-ATP, RNA was 
isolated with two extractions with 10% NaCl at 100° for 30 
minutes at pH 7 to 8, precipitated with 60% ethanol and di- 
alyzed. . After removal of the nucleic acids, the acid-insoluble 
residues were extracted with 5% trichloroacetic acid at 90° for 
15 minutes, washed twice with 95% ethanol and the proteins 
plated for radioactivity determinations. 
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RESULTS 


Incubation of the combined microsomal-supernatant fractions, 
obtained from a 33% homogenate, with C'-leucine at 37.5° 
resulted in rapid incorporation of C“ into the microsomal pro. 
teins and, to a lesser extent, into the supernatant proteins (Fig, 
1). Except at very early time periods (2 minutes), supernatant 
and microsomal RNA were labeled only slightly. Incorporation 
of C**-leucine into microsomal proteins was essentially complete 
in 5 minutes. Incubation of the combined microsomal-super- 
natant fraction, obtained from a 20% homogenate, with C™ 
leucine at 37.5° led to labeling of supernatant and microsomal 
RNA and protein (Fig. 2A). Incorporation into supernatant 
RNA occurred rapidly and reached a maximum at 5 minutes, 
followed by the loss of radioactivity, with negligible amounts 
remaining at 40 minutes. Spectrophotometric analyses at 260 
and 290 my revealed no change during the incubation in the 
amount of RNA isolated. Microsomal RNA was labeled to a 
lesser extent than supernatant RNA, reached a maximum at 
about 20 minutes, and appeared to decline slightly thereafter, 
Microsomal proteins were extensively labeled, incorporation 
leveling off after 20 minutes. Small amounts of radioactivity 
were recovered in the supernatant proteins, incorporation con- 
tinuing up to 40 minutes of incubation. The possibility exists 
that radioactivity recovered in the supernatant proteins may be 
due to the presence of small microsomal particles which do not 
sediment at 100,000 x g for 2 hours. Centrifugation for an 
additional 2 hours did not affect the radioactivity found in this 
fraction; further, incubation of supernatant fractions in absence 
of microsomal fraction did not lead to labeling of supernatant 
proteins. It is interesting to note that in the absence of micro- 
somes, the RNA of the supernatant fraction (broken line, Fig. 2 
A and B) incorporated C"*-leucine at a slower rate than in the 
presence of microsomes. The significance of this observation 
cannot be explained at present; possibly, it may be due to some 
loss of activity associated with the 2-hour differential in the 
incubations, required to obtain the supernatant fraction by high 
speed centrifugation. Incorporation, however, continued up to 
40 minutes in the microsome-free preparation and net loss of 
radioactivity was not observed during the time period investi- 
gated. Similar experiments at 27.5° (Fig. 2B) revealed that the 
rates of incorporation of C"-leucine into these constituents were 
slower than observed at 37.5°; the sequence of events occurring 
during the first 5 minutes at 37.5° are thus spread over a 40- 
minute period at 27.5°. Again, supernatant RNA accepted 
C_leucine before any of the other fractions; a steady state, with 
respect to the isotopic content in this fraction, appears to be 
maintained over the 40-minute incubation. Radioactivity ap- 
peared next in microsomal RNA and protein, and subsequently 
in supernatant proteins; a lag period was observed in the labeling 
of microsomal and supernatant proteins. Radioactivity values 
presented for isolated RNA are probably lower than the actual 
values in total RNA of the various fractions studied, due to 
incomplete extraction as mentioned above; it seems likely that 
at least at 2 minutes the total C™“ associated with microsomal 
RNA is greater than that in microsomal protein. The slightly 
higher incorporation into proteins at 27.5° appears to be due to 
experimental variations, particularly associated with slight vari- 
ations in the relative proportion of microsomal particles to 
supernatant material. 

The addition of 6 umoles of ATP to microsomal-supernatant 
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fractions incubated with C'-leucine for 15 minutes resulted in 
the renewed incorporation of amino acid into supernatant RNA 
(Fig. 3A); most of the isotope incorporated into this fraction 
during the first few minutes of incubation had been released by 
15 minutes. When the incubation was initiated with 6 ywmoles 
of ATP, instead of 1.0 umole, the second addition of ATP at 15 
minutes had a slight but significant effect on the labeling of 
supernatant RNA (Fig. 3B). In contrast to the observations 
with supernatant RNA, microsomal RNA and the proteins were 
not affected by these variations in ATP concentration. The 
additions of 1 ymole each of a mixture of nucleoside di- or tri- 
phosphates or 2.0 mg of RNA prepared from the pH 5-precipi- 
table fraction of rat liver supernatant (5) to incubations at 15 
minutes had no effect on the pattern of labeling. 

Incubation of C4-ATP with combined microsomal-supernatant 
fraction at 37.5° (Fig. 4A) led to rapid incorporation into and 
loss of isotope from supernatant RNA. Evidence for the incor- 
poration of the adenylate moiety of ATP into the terminal 
adenine nucleotide sequence in soluble RNA has been reported 
(8-11). Radioactivity was also recovered to a lesser extent in 
microsomal RNA; the rate of incorporation appeared to be 
slightly slower than that into supernatant RNA. Similar incu- 
bations at 27.5° (Fig. 4B) revealed that incorporation into mi- 
crosomal RNA had not reached its maximum at a time when 
considerable amounts of radioactivity were being lost from super- 
natant RNA. As in the experiments with C-leucine, spectro- 
photometric analyses did not reveal any changes during the 
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Fig. 3. Effect of ATP on incorporation of C'*-leucine into mi- 
crosomal and supernatant fractions. Incubations at 37.5° with 
combined microsomal-supernatant fraction obtained from 20% rat 
liver homogenate; 1 umole of ATP (A) or 6 zmoles of ATP (B) 
added at zero time; 6 additional zmoles of ATP added at 15 min- 
utes (vertical broken line). See legend to Fig. 1 for explanation of 
symbols. Addition of a mixture of 1 umole each of ATP, GTP, 
CTP, and UTP, of ADP, GDP, CDP, and UDP, or of 2 mg of 
RNA gave similar results to those described in Fig. 2A. 














K. Moldave 





g 3 8 
a 
Q 


: 


eo coeeeer* 
--" 
-- 


COUNTS PER MINUTE 
o 68 
$38 

oo 


200}7 \S- RNA 




















TIME (MINUTES) 


Fig. 4. Incorporation of C'-ATP into microsomal and super- 
natant fractions. Incubations as described in text, at 37.5° (A) 
or 27.5° (B) with combined microsomal-supernatant fraction ob- 
tained from 20% rat liver homogenate. Values are expressed as 
total c.p.m. in supernatant RNA (O——O) or microsomal RNA 
(@——@). Incorporation of C'4-ATP into supernatant RNA in 
incubations with supernatant fraction only (O----- ©}. 


incubation in the amount of RNA isolated from these fractions. 
Radioactivity from labeled ATP was not associated with the 
proteins isolated. The incorporation of C“ from ATP into super- 
natant RNA in incubations in absence of microsomes is also 
presented here (broken lines, Fig. 4, A and B); in contrast to 
experiments in presence of microsomes, incorporation curves do 
not exhibit a decay phase. Whereas in experiments with C'- 
leucine, incorporation into soluble RNA was more rapid in the 
presence than in the absence of microsomes, incorporation of C™ 
from ATP into soluble RNA was more rapid in the absence of 
the microsomal fraction. 

The labeling pattern observed in incubations of C4-ATP and 
combined microsomal-supernatant fractions was not influenced 
by the presence of a mixture of amino acids or of nucleoside di- 
or triphosphates (Fig. 5A). Failure of the amino acid mixture 
to influence the rate at which C™ is released from soluble RNA, 
or the extent to which C* is incorporated into microsomal RNA 
is probably due to the presence of sufficient amounts of free 
amino acids in this preparation; if, indeed, a fragment of soluble 
RNA is transferred to microsomes with the amino acid, it does 
not appear to be resynthesized from the added nucleotides in 
these experiments. However, incubations in the presence of 2 
mg of RNA resulted in slightly greater incorporation into and 
slower subsequent loss of isotope from supernatant RNA (Fig. 
5B). Incorporation into microsomal RNA was not affected by 
the presence of added soluble RNA; these observations, that la- 
beling of microsomal RNA is not increased when increased incor- 
poration of C4-ATP (Fig. 5B) or amino acid (Fig. 3A) into 
soluble RNA is obtained, would suggest that transfer of soluble 
nucleotide-amino acid complex to microsomes is limited in this 
series of reactions. Some of the loss of radioactivity from soluble 
RNA in these experiments might be the result of degradation of 
the nucleotide-amino acid end-unit of soluble RNA, not related 
to incorporation, under these conditions. 

As shown in Table I, incorporation of C“ from leucine or ATP 
into microsomal fractions does not occur to a significant extent 
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Fic. 5. Effect of added RNA on incorporation of C4-ATP into 
microsomal and supernatant fractions. Incubations at 37.5° with 
combined microsomal-supernatant fraction obtained from 20% 
rat liver homogenate, in the absence (A) or presence (B) of 2 mg 
of added soluble RNA. See legend to Fig. 4 for explanation of 
symbols. Addition of a mixture of 5 wmoles each of ten amino 
acids, or 1 umole each of ADP, GDP, CDP, and UDP, or of GTP, 
CTP, and UTP gave similar results to those described in Fig. 5A. 


TABLE [| 


Incorporation of radioactive leucine and ATP into nucleic acids 
and proteins of microsomes in presence and absence 
of supernatant 

Results are expressed as total counts per minute of C'4-leucine 
or C'4-ATP recovered in supernatant RNA (S-RNA), microsomal 
RNA (m-RNA), supernatant proteins (S-P), and microsomal 
proteins (m-P). At the end of the incubation (at 37.5°), and im- 
mediately before centrifugation at 100,000 X g, an equivalent 
amount of supernatant was added to flasks incubated with micro- 
somes only. 











C'4-leucine C4.ATP 
Incuba- 
tion Preparation 
= RNA |RNA| SP | ™P | pNa [RNA 
min 
5 | Microsomes 30; 8] 5| 15] 35) 11 
5 | Microsomes + super- 258 | 46 | 6] 170 | 151 | 48 
natant 
30 | Microsomes 39; 4] 5] 27] 38/11 
30 | Microsomes + _ super- 97 | 46 | 27 | 255 | 51] 29 
natant 
































in absence of supernatant; the levels of radioactivity presented 
in Table I are lower than those in experiments described above, 
due to the additional dilution of the 12,000 x g supernatant 
before sedimentation of microsomes and the additional 2 hours 
required during the 100,000 x g centrifugation. It appears that 
incorporation of the radioactive precursors into microsomal RNA 
or protein, described above, involves the obligatory synthesis of 
soluble intermediates. Particularly significant is the observation 
that labeling of microsomal RNA-amino acid complex is also 
dependent on supernatant. 


DISCUSSION 


The use of cell-free preparations obtained from slightly more 
dilute rat liver homogenates (20% instead of 33%) and of lower 
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temperatures (27.5°) has thus revealed a series of time curves not 
previously described. The rapid, time-dependent incorporation 
of adenine nucleotide and amino acid into supernatant RNA 
presented here suggests that one of the initial reactions in amino 
acid incorporation, following amino acid activation, is the syn- 
thesis of the nucleotide-amino acid end-unit of RNA; this incor- 
poration occurs before labeling of any of the other components 
analyzed. The incorporation of soluble polynucleotides into 
ribonucleic acid of rat liver microsomes has been reported (12-14), 
and evidence for the transfer of soluble RNA-bound amino acids 
to microsomal particles has been presented (5, 7). The release 
of radioactivity from adenylate or amino acid-labeled super- 
natant RNA, the apparent concomitant uptake of radioactivity 
into microsomal RNA, and the requirement for supernatant frac- 
tion for synthesis of microsomal RNA-amino acid provides addi- 
tional evidence for the transfer of the adenylate-amino acid end 
sequence of supernatant RNA to microsomal particles. The 
observation that amino acid uptake into microsomal proteins is 
preceded by the synthesis of supernatant and possibly micro- 
somal RNA-amino acid is consistent with a role of these nucleic 
acid complexes as intermediates in amino acid incorporation into 
proteins. Simkin (15) has reported that the release of radio- 
active proteins from labeled microsomes is dependent on an 
energy-generating system and a soluble fraction of the cell. In 
the experiments described above, labeling of soluble proteins 
occurs only in the presence of microsomes and at a slower rate 
than labeling of microsomal proteins; although catabolic reactions 
leading to microsomal degradation have not been excluded, these 
results also suggest that soluble proteins are released from ribo- 
nucleoprotein particles. 

The rate studies described here suggest that C'*-leucine is in- 
corporated into soluble RNA, transferred to microsomal particles 
where it may be associated with the RNA fraction, and subse- 
quently to microsomal and soluble protein; the adenylate moiety 
of ATP is incorporated into the terminal nucleotide sequence of 
soluble RNA and appears to accompany the amino acid into the 
microsomal particle. 


SUMMARY 


Incubation of microsomes and supernatant fraction (obtained 
from 33% rat liver homogenates) with C"*-leucine at 37.5° led to 
incorporation of C into microsomal and, to some extent, super- 
natant proteins. Efforts to demonstrate the sequential synthesis 
of intermediates in the incorporation of amino acids into pro- 
teins have led to the use of rat liver preparations obtained from 
more dilute homogenates (20%) and lower incubation tempera- 
tures (27.5°). Under these conditions C-leucine was incor- 
porated into soluble and microsomal ribonucleic acid (RNA) in 
addition to the proteins. Initial incorporation appeared associ- 
ated with supernatant RNA before any of the other fractions 
investigated. Similar incubations with C“-ATP resulted in in- 
corporation into supernatant RNA, then into microsomal RNA. 

These results suggest that amino acid and adenine nucleotide 
are incorporated into the end-group sequence of soluble RNA- 
amino acid which possibly is transferred into microsomal par- 
ticles; the amino acid moiety is subsequently incorporated into 
microsomal proteins and possibly into soluble proteins. 
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Previous studies by Hoagland e¢ al. (1) and in this laboratory 
(2, 3) demonstrated that transfer of amino acid from purified 
ribonucleic acid-amino acid to microsomal ribonucleoproteins 
required GTP, ATP, an ATP-generating system, and a soluble 
fraction of the cell. Two components were obtained from the 
soluble portion of rat liver homogenates after removal of the 
pH 5-precipitable residue (3). One component was nondialyz- 
able and a partial fractionation was obtained with ammonium 
sulfate; the other component was dialyzable and complete re- 
covery of activity was obtained only when the two fractions were 
recombined. The present communication describes the partial 
purification of a supernatant fraction from rat liver which cata- 
lyzes the transfer of RNA-bound amino acids to microsomal 
proteins and the effect of various nucleotides, particularly of 
GTP, on this process. 


EXPERIMENTAL PROCEDURE 


Preparation of RN A-bound Radioactive Amino Acids—The pH 
5-precipitable fraction was prepared from the 144,000 x g super- 
natant obtained from 50 g of liver from rats 20 to 30 days old. 
This fraction was incubated with 200 wmoles of ATP and 25 
ue of randomly labeled C-t-leucine (specific activity, 7.8 ue per 
mole) in a total volume of 25 ml (1). The RNA-leucine-C™% 
complex was isolated from such incubations by the phenol ex- 
traction procedure (4). Similar incubations with randomly 
labeled C"*-L-isoleucine (specific activity, 7.9 uc per umole) and 
glycine-1-C™ (specific activity, 10 uc per umole) were also carried 
out to obtain RNA-isoleucine-C“ and RNA-glycine-C“. The 
preparations obtained contained approximately 10,000 c.p.m. 
(3.5 X 10-* ymoles) of C“-amino acid per mg of RNA. Unless 
otherwise indicated, RNA-leucine-C" was used in the experi- 
ments described below; however, qualitatively similar results 
were obtained with the other two labeled preparations. 

Preparation of Microsomes—Livers from 30- to 40-day-old rats 
were homogenized in 3 volumes of buffered salt-sucrose Medium 
A (5), centrifuged at 12,000 x g for 15 minutes, and the super- 
natant diluted with 3 volumes of unbuffered salt-sucrose Medium 
B (5). Ten-milliliter aliquots of diluted 12,000 x g supernatant 
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were centrifuged at 144,000 x g for 1 hour; the microsomes were 
resuspended in 10 ml of Medium A with the use of an all-glass 
homogenizer, and resedimented at 144,000 x g. Each incuba- 
tion flask received a quantity of washed microsomes correspond- 
ing to 2.5 ml of original homogenate and resuspended in 0.5 ml 
of Medium A. 

Incubation Procedure—Approximately 0.1 mg (1000 c.p.m.) of 
RNA-amino acid-C" was incubated with washed microsomes (4 
mg of protein), 0.5 wmoles of ATP and GTP, 10 wmoles of phos- 
phoenolpyruvic acid and 30 ug of crystalline pyruvate kinase in 
the presence and absence of fractions derived from the soluble 
fraction of rat liver homogenates as described below. Incuba- 
tions were carried out in a volume of 1.5 ml for 15 minutes at 
38°. 

At the end of the incubation period, the flask contents were 
chilled and centrifuged at 144,000 x g for 1 hour to recover the 
microsomes, which were resuspended in 5% trichloroacetic acid. 
The protein fractions were isolated from the acid-insoluble resi- 
due for radioactivity determinations as described (6). 


RESULTS AND DISCUSSION 


As reported previously (3), transfer of RNA-bound amino acid 
to microsomal protein did not occur in the absence of the soluble 
cell fraction; most of the activity in the homogenate supernatant 
(Table I, Stage I) was present in the neutralized supernatant of 
the isoelectric precipitation at pH 5.2 (Stage II). The pH 5.2 
supernatant was dialyzed against 0.25 m sucrose at 4° and the 
dialysate (Stage II dialysate) concentrated by lyophilization; all 
subsequent dialyses in this fractionation scheme were carried out 
against 0.25 m sucrose. Fractional precipitation of the Stage II 
preparation with solid ammonium sulfate between 20 and 40% 
(weight per volume) followed by dialysis yielded a fraction (Stage 
III) that catalyzed labeling of proteins in the presence of Stage 
II dialysate (3). As shown in Table I, on addition of 50% 
(weight per volume) ammonium sulfate to Stage III preparation, 
previously precipitated with 40% ammonium sulfate, less than 
1% of the protein and approximately 20% of the activity was 
recovered in the dialyzed supernatant (Stage IV). Marked loss 
of activity was consistently encountered in the steps involving 
fractionation with ammonium sulfate. Stage V preparation was 
obtained by adding 25 mg of acid-washed charcoal per ml to 
Stage IV preparation. Removal of the charcoal by centrifuga- 
tion was accompanied by the loss of approximately 90% of the 
protein and of the RNA, but no loss of activity occurred. Stage 
V preparation appeared to be stable over a 2-month period at 
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—15°. Attempts to concentrate this fraction by lyophilization 
or pressure ultrafiltration with collodion or membrane filters re- 
sulted in marked loss of activity. Although incorporation was 
proportional to the amount of soluble fraction over certain ranges 
of concentration, decreased incorporation was observed with high 
concentrations of all the cell supernatant preparations described 
above. The values presented in Table I represent data obtained 
in the linear portion of the concentration curves obtained with 
the various preparations. Approximately 30 to 70% of the ac- 
tivity remained when Stage II preparations were heated at 100° 
for 10 minutes at pH 7.8 (2) or at 60° for 10 minutes at pH 3 or 
10. Similar treatment of Stage V preparation did not signifi- 
cantly affect the ability to catalyze amino acid transfer. The 
possibility exists that these preparations are more stable to heat 
in the presence of sucrose. Since loss of activity was observed in 
preparations stored in the absence of sucrose (3), all supernatant 
samples were prepared in sucrose solutions. An over-all yield of 
8% of the activity initially present in the homogenate super- 
natant was obtained in Stage V preparation. On the basis of 
protein concentrations, such fractionation reflects a considerable 
purification of the activity. It should be emphasized, however, 
that the nature of this component is not known. Studies in this 
direction are in progress. 

It was previously reported that dialysis of Stage II preparation 
against distilled water, phosphate buffer, or glutathione (3) re- 
sulted in complete loss of activity. Similar results were obtained 
when this fraction was dialyzed against 0.01 m ATP (Table II). 
Concentrated dialysates were also inactive and activity was not 
restored on recombination of concentrated dialysates and di- 
alyzed material. However, complete restoration of activity was 
achieved when concentrated sucrose or water dialysates were 
added to sucrose-dialyzed Stage II preparations. It was ob- 
served that 5 wmoles of ATP replaced the requirement for the 
dialyzable component and the ATP-generating system (Table II). 
Transfer of amino acid under these conditions was observed with 
both sucrose- and water-dialyzed preparations. 


TABLE I 
Fractionation of soluble cell fraction 


Incubations of RNA-leucine-C!4 (1000 c.p.m.), washed micro- 
somes (4 mg protein), and other components prepared as described 
in the text, in the presence of the preparations listed below. 




















Radio. | 
Preparation Description Protein* tenn Be 
tratedt 
mg c.p.m. % 
Stage I Homogenatesupernatant| 23 75 100 
State II pH 5 supernatant 4 218 78 
Stage III 20-40% (NH,)2SO,frac- | 6 234 17 
tion 
Stage IV 50% (NH,)2SO, super- | 0.07 153 8 
natant 
Stage V Charcoal supernatant 0.007 | 163 8 





* Quantity of supernatant protein used in the assay. 
+ Counts per minute recovered in microsomal proteins. 
t Results are expressed as percentage of activity, initially pres- 
ent in homogenate supernatant (100%), recovered in individual 
¢.p.m. incorporated 





fractions; activity = X total protein in 


mg. supernatant protein 
fraction. 
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TaBLeE II 


Effect of dialysate and ATP on transfer of C4-amino acid from RNA 
to protein in presence of dialyzed Stage II preparations 








‘. Counts 
Nondialyzable component Additions per minute 
in protein 
Stage II¢ None 230 
Stage II, H.O-dialyzed? None 0 
Stage II, H:O-dialyzed? Dialysate* 0 
Stage II, H:O-dialyzed? ATP (5 umoles)4 199 
Stage II, sucrose-dialyzed¢ None 75 
Stage II, sucrose-dialyzed¢ H:0 dialysate* 219 
Stage II, sucrose-dialyzed Sucrose dialysate* 250 
Stage II, sucrose-dialyzed¢ ATP (5 uwmoles)¢ 275 
Stage II dialysate 0 











* Incubation conditions and components as described in text; 
Stage II preparation, supernatant from isoelectric precipitation 
of homogenate supernatant at pH 5.2, adjusted to pH 7.4 (4 mg 
protein). 

> Dialyzed against 5 volumes of water for 18 hours, followed by 
3 changes of water (5 volumes, 2 hours each). 

¢ Initial water or 0.25 m sucrose dialysate obtained by dialysis 
of Stage II preparation against 5 volumes of solution for 18 hours, 
concentrated by lyophilization, and the equivalent of 1.0 ml of 
pH 5.2 supernatant added per flask. 

4 Similar results were obtained when phosphoenolpyruvic acid 
and pyruvate kinase were omitted from incubations in the pres- 
ence of 5 umoles of ATP. 

¢Similar procedure to that described,> but dialyzed against 
0.25 M sucrose. 


The observation that incorporation occurred in the presence of 
ATP and in the absence of the dialyzable component and an 
ATP-generating system is also illustrated in Fig. 1. Incubation 
of RNA-amino acid-C", washed microsomes, dialyzed Stage II 
preparation, 0.5 umoles of GTP, and various nucleoside triphos- 
phates resulted in a significant transfer of radioactivity to pro- 
teins. Qualitatively similar results, not presented here, were 
also obtained with UTP andITP. Incorporation appeared to be 
proportional to nucleotide concentrations at lower levels. In all 
cases inhibition or a leveling off was observed above 10 yumoles 
per 1.5ml. The effect of ADP, also presented in Fig. 1, may be 
due to its conversion to ATP by the action of myokinase as de- 
scribed below. This effect is specific for ADP among the nucleo- 
side diphosphates tested with a more purified soluble preparation. 
However, with Stage II preparation, all nucleoside diphosphates 
were equally active as described below (Table III). The effect 
of increasing concentrations of Stage II dialysate in the presence 
of low concentrations of ATP and an ATP-generating system, is 
shown in the insert in Fig. 1. It was also found that, in the 
absence of a supernatant preparation, some transfer of C from 
RNA to protein occurred with high concentrations of ATP (broken 
line, Fig. 1). It is possible that microsomes prepared as de- 
scribed above are still contaminated to some extent with small 
amounts of supernatant material. Amino acid incorporation in 
the absence of soluble preparations was quite variable in the 
presence of 10 umoles of ATP. Values of 29 to 100 c.p.m. were 
observed in experiments with microsomes prepared at different 
times. The values presented in Fig. 1 represent the highest 
values obtained under these conditions. Although incorporation 
of Cin the presence of both ATP and supernatant preparations 
was considerably greater, it did not appear to be related to the 
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Fic. 1. The effect of various nucleotides on the transfer of 
RNA-bound amino acid to microsomal proteins. RNA-leucine- 
C' and microsomes were incubated with 0.5 umole of GTP and 
increasing concentrations of ATP (O——O), CTP (@——®), 
ADP (G——D), and GTP (@——4®) in the presence of dialyzed 
Stage II preparation; incubations with ATP in the absence of a 
supernatant fraction (A------A). Incorporation in incubations 
with 0.5 umole of ATP and GTP, 10 umoles of phosphoenolpyru- 
vate, 30 ug of pyruvate kinase, dialyzed Stage II preparation and 
increasing concentrations of Stage II dialysate is described in the 
inset curve; concentrations of dialysate (concentrated by lyoph- 
ilization) are expressed as equivalent volumes of undialyzed Stage 
II preparation. 


TaB_Le III 
Effect of various nucleotides on transfer of C'4-amino acid from 
RNA-amino acid to protein with crude and purified 
supernatant preparations 











Counts per minute in protein 
Additions 
Stage II? Stage V® 

EIS Ee a ee ee Ee 75 0 
| OO SS ar ener 233 e 
Nucleoside triphosphates?.............. 212 170 
MEET I I gs oi oid. oes oo ce:ck cans 170 155 
Nucleoside diphosphates*............... 206 10 
Nucleoside monophosphates’............ 8 0 
Deoxy-ATP (10 wmoles)................ 8 
Pyrophosphate (2-10 umoles)........... 4 0 











* Incubation components: RNA-leucine-C', washed micro- 
somes, 0.5 uymoles of GTP and ATP, 10 umoles of phosphoenol- 
pyruvic acid, 30 ug of pyruvate kinase and dialyzed Stage II 
preparations (4 mg protein). 

> Incubation components: RNA-leucine-C', washed micro- 
somes, 0.5 umoles of GTP and Stage V preparation (0.007 mg pro- 
tein). Similar results were obtained with Stage IV preparation 
(0.07 mg protein). 

¢ In some experiments, addition of dialysate was found to have 
an inhibitory effect. 

4 Five ymoles of ATP, GTP, CTP, UTP or ITP with Stage II 
preparation, 10 wmoles with Stage V preparation. Value given 
is the average of experiments with the individual nucleotides. 
Combination of several or all nucleotides gave the same results 
as obtained with single nucleotides. 

* Five or 10 pmoles of GDP, CDP, or UDP (see footnote 4). 

f Five or 10 umoles of AMP, GMP, CMP, UMP, or IMP (see 
footnote 4). 


Incorporation of RNA-bound Amino Acid 
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respective control values with ATP alone. Efforts to prepare 
more thoroughly washed microsomes by additional resedimentg. 
tions at 144,000 x g or by resuspension in larger volumes during 
the first 2 centrifugations occasionally led to lower ATP-blank 
values. More frequently, considerable loss of microsomal ability 
to accept amino acid was observed. It should be noted that 
GTP was an essential component for optimal incorporation in al] 
of the experiments presented in Fig. 1, including those without 
added Stage II preparation. In fact, incorporation was observed 
in incubations of RNA-amino acid-C“, microsomes, dialyzed 
soluble preparations, and high concentrations of GTP as the only 
nucleotide. 

The effect of other nucleotides on amino acid transfer with 
dialyzed Stage II or purified Stage V preparations is summarized 
in Table III. All the nucleoside triphosphates tested, as well as 
ADP, could replace the requirement for the dialyzable component 
with either supernatant preparation. Whereas with Stage II 
preparation all the nucleoside diphosphates were active, with the 
more purified Stage V preparation only ADP exhibited activity, 
These results suggest that the corresponding triphosphates are 
probably generated by myokinase or myokinase-like activities in 
Stage II preparation; the more purified preparations still con- 
tain the enzyme which is active toward ADP but appear to be 
devoid of the other activities. Nucleoside monophosphates, 
deoxy-ATP, and pyrophosphate at several concentrations were 
inactive. 

Guanosine triphosphate appears to play a special role in this 
amino acid incorporation reaction. The observations described 
above, that GTP is essential for optimal labeling when other 
nucleotides are used, and that higher levels of GTP are active in 
the absence of other nucleotides are consistent with this sugges- 
tion. As shown in Table IV, studies with purified Stage V prep- 
arations revealed an absolute requirement only for GTP. ATP 
and other nucleotides, with the exception of guanosine diphos- 
phate, were unable to replace the requirement for GTP. It is 
interesting to note that although higher levels of GTP could 


TaBLE IV 
Effect of GTP on the transfer of amino acid from RNA-amino 
acid to microsomal protein 

Incubation components: RNA-leucine-C',washed microsomes, 
supernatant preparations and nucleotides as stated. In all cases 
values of less than 50 c.p.m. were obtained in incubations in the 
presence of 10 uymoles of ATP and in the absence of supernatant 
preparation. In control incubations with lower concentrations 
of nucleotides, in the absence of supernatant preparations, val- 
ues were less than 10 c.p.m. 

















Count per minute in protein 
Nucleotide additions 

Stage II Stage V 
PR na da os bao ee Oe cao aaa 0 0 
WE COPD © ocd oo dotsl tes 163 10 
ATP (10 wmoles) + GTP (0.5 pmole).... 256 163 
ATP (10 umoles) + GDP (0.5 umole)... 259 123 
CTP (10 umoles) + GTP (0.5 umole).... 286 110 
Re IN So i. andes .cm ware watehiotu «oa 161 128 
A I a aia. aigte aciniorw'é.ne an 156 12 
(ga SS. la lla Aix SRR Sete A Ta ' 14 
GDP (1 umole)* + ATP (0.5 wmole).... 112 





* Ten pmoles of phosphoenolpyruvic acid and 30 ug of pyruvate 
kinase added. 
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catalyze amino acid incorporation in the absence of other nucleo- 
tides, GDP was ineffective with Stage V preparation. GDP was 
active with the less purified Stage II preparation or in the pres- 
ence of high concentration of ATP. Although GDP was inactive 
in the presence of phosphoenolpyruvate and pyruvate kinase, the 
addition of 0.5 ymole of ATP to these incubations resulted in 
labeling of protein (Table IV). The removal of nucleotides by 
charcoal treatment in the preparation of Stage V fraction is thus 
revealed by the absolute requirement for small amounts of ATP 
in the presence of an ATP-generating system and for GTP. 
These results further suggest that the effect of other nucleotides 
in this system is a reflection of their ability to generate GTP, 
which appears to be the only essential nucleotide. Studies pre- 
sented in Table IV are consistent with this suggestion. The 
mechanism of action of GTP in this incorporation reaction has 
not been elucidated. 

It has been mentioned that RNA-bound glycine, leucine, and 
isoleucine behave in a qualitatively similar manner in the experi- 
ments described above. To determine whether the fractionation 
of the soluble fraction was selective for one amino acid, the three 
RNA-amino acid-C“ complexes were incubated with Stage II 
and Stage V preparations. The results, presented in Table V, 
indicate that the activity present in the supernatant does not 
appear to be influenced by the nature of the amino acid bound to 
RNA. Thisis reflected by the ratio of specific activities obtained 
with the two supernatant preparations. Although glycine ap- 
pears to be less active than leucine or isoleucine, this is probably 
due to variations in specific radioactivities between the various 
RNA-bound amino acids and, therefore, probably not significant. 
Evidence has been presented (7-10) which suggests that super- 
natant RNA, or a fragment derived from it, accompanies the 
amino acid into the microsomal particle. If this does occur, it is 
possible that the site of interaction between the supernatant 
fraction and the RNA-amino acid is somewhere in the nucleic 
acid structure. The nature of the bound amino acid might, thus, 
not exert a marked influence on this process. 

Although it is tempting to assign the nondialyzable activity to 
a soluble enzyme, as suggested from experiments in ascites cell 
preparations (11), sufficient information is not yet available as 
to the nature of this material in rat liver preparations. The 
relative heat stability (100°, 10 minutes) exhibited by these 
preparations is not sufficiently conclusive. Attempts were made 
to study the effect of various enzymes on the nondialyzable ac- 











tivity. The Stage V preparation was incubated with trypsin, 
cathepsin C, or ribonuclease. The incubation mixtures were 
TABLE V 
Transfer of various RN A-bound amino acids to microsomal protein 
Stage II Stage V 
RNA-bound amino acid Ratiot 
Total Specific Total Specific 
mymoles* | activityt| mymoles* |jactivityt 
Xx 10-8 
AVON S 60.5.5 9 x00 0.030 2.5 0.017 2.5 1000 
ROUGHING. g.0,c:c.0:5:0.0 65 0.099 8.2 0.046 6.6 810 
Isoleucine......... 0.076 6.4 0.034 4.9 770 




















* Total mymoles of labeled amino acid transferred to protein in 
incubations as described in text. 

+ Specific activity: mpmoles of amino acid transferred per mg 
of protein in supernatant preparation added. 

t Ratio of specific activities (Stage V to Stage IT). 
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TaBLe VI 
Effect of glutathione on transfer of RNA-amino acid-C'* 
to microsomal protein 
Incubations contained RNA-leucine-C', washed microsomes, 
glutathione (10 ymoles), ATP (10 wmoles), and Stage V prepara- 
tion (0.007 mg protein) as listed. 








Additions Counts per minute in protein 

TINS 5 568s BG < sieeel} «Sake ees 0 
RE DAK sisineSS occ og ete cee 8 
PE BAe) Scie ovens 29 
CE I, hu i See itt: Se, 57 
Stage V preparation............ 2 
Stage V preparation + GSH... 4 
Stage V preparation + ATP.... 177 
Stage V preparation + ATP + 

|. ER SerE Sen UME RES 153 








then heated at 100° for 10 minutes to inactivate the added en- 
zymes before the addition of microsomes and RNA-amino acid- 
C™ to the preincubated preparations. Unfortunately, the en- 
zymes used are also heat stable under these conditions and they 
inhibited the incorporation process. It is possible that the super- 
natant factor described above is a low molecular weight com- 
pound rendered nondialyzable as a result of firm binding to pro- 
teins; however, if this were the case, such binding must be highly 
specific since the removal of 90% of the protein (Stage IV to 
Stage V) is not accompanied by loss of activity. Attempts to 
replace the nondialyzable component with known compounds 
have also been unsuccessful, with the exception of the variable 
results obtained with high levels of ATP described above. In 
some experiments, glutathione appeared to exhibit a slight stim- 
ulatory effect in the presence of ATP (Table VI). However, this 
effect was markedly less than that produced by supernatant prep- 
arations and it appeared to have no effect in the complete system 
as shown in Table VI. In experiments with washed microsomes 
where no incorporation of C4 was observed in the presence of 10 
umoles of ATP and in the absence of supernatant fractions, 
glutathione had no effect. 

The results presented here suggest that transfer of RNA-bound 
amino acid to microsomal protein involves the participation of a 
supernatant fraction and GTP. Thus incorporation is obtained 
in the presence of a purified supernatant fraction containing 7 
ug of protein, and 5 to 10 umoles of GTP. The supernatant 
fraction appears to be nondialyzable and relatively heat stable. 
GTP appears to be the only nucleotide required in this process. 
It can be generated in the presence of high concentrations of 
other nucleotides or low concentrations of ATP and an ATP- 
generating system. The incorporation of RNA-bound amino 
acid into isolated ribonucleoprotein prepared from disrupted 
microsomes has also been observed and will be described sub- 
sequently. 


SUMMARY 


The transfer of ribonucleic acid-bound amino acid to micro- 
somal protein requires a two-component system from the soluble 
fraction of rat liver. Partial purification of one of these com- 
ponents, which appears to be nondialyzable, has yielded a frac- 
tion which is relatively low in protein and ribonucleic acid (RNA). 
The other component is dialyzable and can be replaced by rela- 
tively higher concentrations of nucleoside triphosphates; evidence 
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is presented which suggests that the effect of various nucleotides 
is due to the generation of guanosine triphosphate, which appears 
to be the only essential nucleotide required. RNA-bound amino 
acids are transferred to proteins in the presence of the purified 
soluble fraction and guanosine triphosphate. 
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Reductive Degradation of Pyrimidines 


y. ENZYMATIC CONVERSION OF N-CARBAMYL-8-ALANINE TO 8-ALANINE, CARBON DIOXIDE, 
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Evidence has been presented (1, 2) that cell extracts of Clostrid- 
ium uracilicum degrade uracil by the following series of en- 
zymatic reactions. 


Uracil = dihydrouracil 


(1) 
(2) 


Dihydrouracil @ N-carbamy]-6-alanine 
N-Carbamyl-8-alanine — 


8-alanine, carbon dioxide, and ammonia 


(3) 


The enzymes responsible for Reactions 1 and 2 have been 
partially purified from cell extracts of C. uracilicum (3, 4) and 
from mammalian liver (5, 6) and some of their properties de- 
termined. The enzyme responsible for Reaction 3 has also been 
purified from rat liver preparations (7). This paper presents the 
purification and some of the properties of the decarbamylase from 
C. uracilicum. 


EXPERIMENTAL PROCEDURE 


Materials—Uracil, dihydrouracil, B-amino-isobutyric acid, 
and B-alanine were obtained from the California Corporation for 
Biochemical Research. N-Ethylmaleimide and _ p-hydroxy- 
mercuribenzoate were purchased from the Mann Research 
Laboratories. Versene (disodium ethylenediaminetetraacetate) 
and Dowex 50 X-4 were obtained from the Dow Chemical 
Company. N-Carbamyl-§-alanine and other N-carbamyl-amino 
acids studied were synthesized from the corresponding amino 
acids and potassium cyanate (8). Hydroxylapatite was pre- 
pared as described by Tiselius et al. (9). 

Methods—The methods of culture and preparation of cell-free 
extracts of C. uracilicum, strain M5-2 were those described pre- 
viously (2) except that uracil was replaced in the growth medium 
by N-carbamyl-8-alanine. N-Carbamyl]-6-alanine was added to 
the sterile medium from a sintered glass-filtered solution to a 
final concentration of 0.1%. N-Carbamyl-$-alanine was de- 
termined quantitatively by the colorimetric method of Archibald 
(10). -Alanine was determined quantitatively by the modified 
photometric ninhydrin method of Moore and Stein (11) after 
elution from paper chromatograms developed with butanol- 
The eluted material was read against 


* Project 1351, Agricultural Experiment Stations, Institute of 
Agricultural Sciences, Washington State University, Pullman. 
This investigation was supported in part by funds provided for 
biological and medical research by the State of Washington, Initia- 
tive No. 171. 

+ Present address, Department of Microbiology, School of Medi- 
cine, Western Reserve University, Cleveland 6, Ohio. 


a filter paper elution blank at 570 mp with a Beckman DU 
spectrophotometer. Ammonia was determined by direct nes- 
slerization (12). Carbon dioxide was measured by conventional 
manometric methods at 30° with air as the gas phase (13). 
Protein concentration was estimated by the method of Lowry 
et al. (14). For the identification of B-alanine, descending paper 
chromatographic analysis of reaction mixtures was carried out 
on Whatman No. | paper with the following solvent systems: 
(a) butanol-acetic acid-water (4:1:5) (15); (6) 2,6-lutidine- 
collidine-water (1:1:1) (16); (c) pyridine-amyl alcohol-water- 
diethylamine (10:10:7:0.3) (17); and (d) isobutyric acid-water 
(8:2), (18). Column chromatography on Dowex 50 X-4 was 
carried out as described by Moore and Stein (19). Protein 
chromatography on hydroxylapatite was performed by step-wise 
elution with potassium phosphate buffers (9). 

Enzyme Assay—Standard assay reaction mixtures contained 
20 wmoles of N-carbamyl]-6-alanine, 100 wmoles of potassium 
phosphate buffer, pH 7.5, and the enzyme in a total volume of 
3.0 ml. The reaction mixtures were incubated in double sidearm 
Warburg vessels at 30° for 15 minutes. The incubation mixtures 
were deproteinized by the addition of 1.0 ml. of 10% HClOx,. 
The precipitated protein was removed by centrifugation at 
10,000 x g for 10 minutes and the supernatant liquid analyzed 
for N-carbamyl-G-alanine, 8-alanine, and ammonia. A unit of 
enzyme is defined as that amount of enzyme which forms 1 umole 
of B-alanine from N-carbamyl-8-alanine under the conditions of 
the standard assay; specific activity is expressed as units per mg of 
protein. 

Enzyme Purification—All purification steps were performed at 
0-5°. Centrifugations during fractionation were carried out at 
10,000 < g for 10 minutes. Nucleic acid was removed from the 
cell-free extract by MnCl. precipitation as described previously 
(3). The supernatant liquid after centrifugation was dialyzed 
for 18 hours against 0.05% sodium sulfide. 

First Ammonium Sulfate Fraction—The dialyzed solution (110 
ml) was adjusted to pH 6.0 with dilute acetic acid and 85 g of 
solid ammonium sulfate were added with stirring for 1 hour. 
The precipitate was removed by centrifugation, dissolved in 100 
ml of water, and dialyzed for 12 hours against 0.01 m calcium 
acetate. The precipitate which formed in the dialysis bag was 
removed by centrifugation and discarded. 

First Acetone Fraction—To the dialyzed solution obtained 
above, 2 volumes of cold (—10°) acetone were added. The 
mixture was stirred for 1 hour. The precipitate was removed by 
centrifugation and dissolved in 50 ml of water. 
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Fic. 1. Chromatographic behavior of N-carbamy]-8-alanine de- 
carbamylase on hydroxylapatite with stepwise elution (0.02, 0.04, 
0.08, and 0.12 m phosphate buffer, pH 6.8). Enzyme activity as- 
sociated only with the protein fraction eluted between 98 and 128 
ml with 0.12 m phosphate buffer. 





TABLE [| 
Purification of N-carbamyl-f-alanine decarbamylase 




















Fraction aM Units = Yield 
| ml units/mg % 
Cell-free extract | 400 22,000 10.6 
Dialyzed MnCl, supernatant) 430 17,300 18.2 79 
fluid 
First ammonium sulfate | 110 13,700 89.3 62 
First acetone | 650 10,350 232.2 47 
Second ammonium sulfate | 25 6,980 611.0 | 32 
Second acetone 15 4,450 868.7 20 
Hydroxylapatite |; 3,880 1046.0 18 





Second Ammonium Sulfate Fraction—To the solution of the 
first acetone fraction were added 25 g of solid ammonium sulfate 
with stirring for 30 minutes. The slight precipitate was re- 
moved by centrifugation and discarded. To the supernatant 
liquid were added 15 g of solid ammonium sulfate with stirring 
for 1 hour. After centrifugation the precipitate was dissolved 
in 25 ml of water. 

Second Acetone Fraction—To the solution of the second am- 
monium sulfate fraction there was added 1 volume of cold (—10°) 
acetone. The mixture was stirred for 30 minutes. The pre- 
cipitate was collected by centrifugation and dissolved in 15 ml of 
water. 

Hydrozylapatite Chromatography—The solution of the second 
acetone fraction was lyophilized and the light brown powder was 
dissolved in 2.0 ml of 0.01 m potassium phosphate buffer, pH 
6.8. The sample was then placed on a 16 X 160-mm hydroxy]l- 
apatite column that had been previously equilibrated with 0.02 
m phosphate buffer, pH 6.8. The column was mounted over a 
fraction collector and 2.0 ml effluent samples collected. Protein 
was eluted from the column by stepwise elution with 0.02, 0.04, 
0.08, and 0.12 m phosphate buffer, pH 6.8 (Fig. 1). Assay of the 
effluent fractions for enzyme activity showed that all of the 
enzyme activity was associated with the fractions eluted between 
98 and 128 ml with 0.12 m phosphate buffer. The contents of 
these tubes were pooled, dialyzed for 12 hours against distilled 
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water, and lyophilized. The lyophilized fraction was dissolved 
in 15 ml of phosphate buffer, pH 7.5. The enzyme is stable at 
this stage for at least 3 months at —20°. Table I summarizes 
typical purification procedure for the enzyme and shows an ap- 
proximately 100-fold purification. 

Influence of Enzyme and Substrate Concentration on Rate of 
Conversion of N-Carbamyl-B-alanine to B-Alanine—The rate of 
conversion of N-carbamyl-6-alanine to @-alanine was propor- 
tional to the amount of enzyme present (Fig. 2). The rate of 
conversion was also studied as a function of N-carbamyl-g- 
alanine concentration. When the data were calculated graph- 
ically according to Lineweaver and Burk (20) a Km of 6.34 x 
10-4 was obtained. 

Effect of Temperature on Enzyme Activity—Enzyme activity 
with N-carbamyl-S8-alanine was determined over a temperature 
range of 20 to 50°. An optimal temperature range of 30 to 35° 
was found (Fig. 3). A rapid inactivation of the enzyme occurred 
at 45°. 

Effect of pH on Enzyme Activity—The effect of pH was studied 
over the range of 6.0 to 10.5. Phosphate buffer was used for the 
range of pH 6.0 to 8.0, tris(hydroxymethyl)aminomethane buffer 
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Fic. 2. Effect of enzyme concentration on N-carbamy]-f-ala- 
nine decarbamylase activity. The reaction mixtures contained 
10 wmoles of N-carbamy]-8-alanine, 100 umoles of phosphate buffer, 
pH 7.5, and the indicated amount of enzyme in a total volume of 
3.0 ml. The reaction time was 15 minutes at 30°. 
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Fic, 3. Effect of temperature on N-carbamyl-s-alanine decarb- 
amylase activity. The reaction mixtures contained 10 ywmoles of 
N-carbamyl-f-alanine, 100 wmoles of phosphate buffer, pH 7.5, 
and 0.85 mg of enzyme in a total volume of 3.0 ml. The reaction 
time was 15 minutes. 
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over the range 8.0 to 9.0, and carbonate-bicarbonate buffer from 
9,0 to 10.5. The optimal pH range was 7.4 to 7.8 with activity 
falling off sharply on either side of this range (Fig. 4). 

Stoichiometry of Conversion of N-Carbamyl-B-alanine to B- 
Alanine, Carbon Dioxide, and Ammonia—Table II presents 
typical quantitative data on the conversion of N-carbamyl-§- 
alanine to end products. It can be seen that there is fairly good 
agreement between the amount of substrate utilized and the 
amount of the products formed. 

Effect of Dialysis, Versene, and Sulfhydryl Inhibitors on En- 
zyme Activity—Dialysis against distilled water or 1 X 10° m 
Versene for 36 hours at 4° caused no loss in enzyme activity 
indicating the absence of a requirement for readily dissociable 
metal cofactors. N-Ethylmaleimide or p-hydroxymercuri- 
benzoate at a concentration of 1 X 10-! mhad no effect on enzyme 
activity indicating that the enzyme does not require free sulf- 
hydryl groups for activity. 

Specificity of Enzyme—The purified enzyme showed no ac- 
tivity with N-carbamyl-a-alanine, N-carbamyl-6-aminoiso- 
butyric acid, N-carbamyl-glycine, or N-carbamyl-aspartic acid. 
Activity was found only with N-carbamyl-S-alanine as substrate. 
The purified enzyme had no dihydrouracil dehydrogenase (3) or 
dihydrouracil hydrase (4) activity. Attempts to demonstrate 
the reversibility of N-carbamyl-8-alanine degradation were uni- 
formly unsuccessful. 

Identification of 8-Alanine as Conversion Product of N-Carbamyl- 
8-alanine—Identification of 8-alanine as a conversion product of 
N-carbamyl-8-alanine was carried out by descending paper 
chromatographic analysis of deproteinized reaction mixtures on 
Whatman No. 1 paper. In the four different solvent systems 
referred to in “Methods,” the Ry values for the compound iso- 
lated from the reaction mixture and known #-alanine were the 
same (Rp (a) 0.37; (6) 0.21, (c) 0.48; and (d) 0.41). When the 
reaction product was eluted from the paper and cochromato- 
graphed with B-alanine only one spot was found. It is evident 
that the reaction product is identical in its chromatographic 
behavior with 6-alanine. 

To further substantiate the identification of the reaction 
product as 8-alanine column chromatographic analysis on Dowex 
50 X-4 was carried out. The compound was eluted from Dowex 
50 X-4 in exactly the same position as B-alanine. 

A sufficient amount of the reaction product was obtained for 
melting point determinations and for the preparation of the 3, 5- 
dinitrobenzoyl derivative (21) by carrying out a large scale ex- 
periment with 0.5 mmole of N-carbamyl-S-alanine and 10 mg 
of the purified enzyme. Other components of the routine assay 
system were increased 30-fold. Aliquots were removed during 
incubation and tested for substrate disappearance. When the 
reaction was complete the protein was precipitated with 10% 
HClO, and discarded. The product was isolated by column 
chromatography and recrystallized three times from absolute 
ethanol. The product melted at 196-198° and a mixed melting 
point with three times recrystallized B-alanine showed no de- 
pression. 

The 3,5-dinitrobenzoyl derivative was prepared (21) and 
showed a melting point of 204° (reported 202.5°) and a mixed 
melting point of the 3,5-dinitrobenzoy] derivative of 8-alanine 
showed no depression. 

These data show clearly that one of the products obtained from 
enzymatic cleavage of N-carbamyl]-6-alanine is B-alanine. 


L. L. Campbell 
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Fig. 4. Effect of pH on N-carbamyl-f-alanine decarbamylase 
activity. Reaction mixtures contained 10 wmoles of N-carbamyl- 
8-alanine, 100 umoles of the appropriate buffer (see the text), and 
0.85 mg of enzyme in a total volume of 3.0ml. The reaction time 
was 15 minutes at 30°. 


Taste II 
Balance data for conversion of N-carbamyl-8-alanine to B-alanine, 
carbon dioxide, and ammonia 

Reaction mixtures contained 10 uwmoles of N-carbamy]-f-ala- 
nine, 100 ymoles of phosphate buffer, pH 7.5, and the indicated 
amount of enzyme (Experiment No. 1, 0.4 mg; Experiment No. 2, 
0.6 mg; Experiment No. 3, 1.0 mg) in a total volume of 3.0 ml. 
The reaction time was 15 minutes at 30°. 























Experiment No. |“ Y-Carbamyl-| 4 5 Alanine 4 COs 4 NHs 

pmoles pmoles pmoles pmoles 

1 —4.2 +3.9 +4.2 +4.15 

2 —5.98 +5.75 +5.82 +5.80 

3 —9.65 +9.43 +9.72 +9.68 
DISCUSSION 


The purification of the enzyme from C. uracilicum which con- 
verts N-carbamyl-S-alanine to 8-alanine, carbon dioxide, and 
ammonia provides evidence for the last step in the reductive 
pathway of uracil catabolism by this organism. This enzyme 
has also been found in rat, pigeon, dog, and rabbit liver and has 
been purified from rat liver and studied by Caravaca and Grisolia 
(7). The bacterial enzyme has a different substrate specificity 
from that exhibited by the rat liver enzyme in that it is specific 
for N-carbamyl-8-alanine. The decarbamylase of rat liver also 
degrades N-carbamyl|-8-amino-isobutyric acid (7). The pH op- 
timum for the bacterial and rat liver enzyme also differ; maxi- 
mal activity is obtained with the bacterial enzyme from pH 7.4 
to 7.8 whereas pH 7.0 is the optimum for the rat liver enzyme. 

In agreement with Caravaca and Grisolia (7) the reaction 
catalyzed by the decarbamylase is essentially irreversible. The 
decarbamylase, therefore, cannot have an important role in the 
biosynthesis of pyrimidines. Recent studies by Mokrasch and 
Grisolia (22) have shown, however, that both dihydrouracil and 
N-carbamyl-8-alanine can be incorporated into chicken ribo- 
nucleic acid by a pathway not involving orotic acid (23). The 
incorporation of these compounds into ribonucleic acid is pre- 
sumably mediated by the enzymes concerned in Reactions 1 and 
2 since they catalyze reversible reactions. 

The main function of the decarbamylase would appear to be in 
the formation of 8-alanine. That the reductive pathway of 
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uracil catabolism is not the only mechanism available to cells 
for the synthesis of B-alanine is evident from the studies of 
Virtanen et al. (24) who reported that Rhizobium leguminosarum 
decarboxylated aspartic acid to B-alanine. Kupiecki and Coon 
(25) reported that f-alanine could be formed from 8-hydroxy- 
propionic acid in animal tissues. Vagelos et al. (26) have also 
shown that Clostridium propionicum catalyzes the amination of 
acrylyl coenzyme A to form B-alanyl coenzyme A thus providing 
still another mechanism for the biosynthesis of 6-alanine. 


SUMMARY 


An enzyme, N-carbamyl-6-alanine decarbamylase, isolated 
and partially purified from extracts of Clostridium uracilicum, 
was shown to catalyze the reaction 


H.O + N-carbamyl]-s-alanine — 6-alanine + CO. + NH; 


Some of the properties of the enzyme were studied. One of 
the enzymatic products of N-carbamyl]-S-alanine conversion was 
isolated and identified as B-alanine by the following criteria: 
paper and column chromatography and melting point determina- 
tions of the isolated product and its 3,5-dinitrobenzoy] deriva- 
tive. 
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Orotidine 5’-phosphate has been shown to be the intermediate 
in the synthesis of uridine 5’-phosphate from orotic acid in a 
microbial system (1). Orotidine 5’-phosphate has not been dem- 
onstrated to be an intermediate of the reaction in normal mam- 
malian systems. However, Pasternak and Handschumacher (2, 
3) have observed the accumulation of orotidine in L-5178-Y 
lymphomas in DBA/2 mice when mice bearing such tumors 
were fed 6-azauridine. Furthermore, Pasternak and Handschu- 
macher have shown that 6-azauridine 5’-phosphate, but not 6- 
azauridine or 6-azauracil, inhibits the decarboxylation of oroti- 
dine 5’-phosphate by a partially purified yeast enzyme (3, 4) or 
by the supernatant fraction from L-5178-Y tumors (3). 

During the development in this laboratory of a nonoxidative 
rat liver enzyme system in vitro for the conversion of orotic acid- 
6-C“ to uridine nucleotides (5) it was found that when large 
amounts of UMP were added to the system a compound with a 
specific activity approaching that of orotic acid-6-C“ was pro- 
duced. The high specific activity of the compound contrasted 
sharply with the lower specific activities of the uridine nucleo- 
tides, and the compound was tentatively identified as OMP. 

This report deals with factors affecting the conversion of orotic 
acid to UMP, with conditions necessary for the accumulation of 
detectable amounts of OMP in the presence of UMP, and with 
the characterization of OMP. A preliminary report of this work 
has been presented (6). 

METHODS 


Orotic acid-6-C“ was obtained from Tracerlab, Inc., and the 
specific activity of the preparations used varied from 0.9 to 1.1 
ue per pwmole. Orotic acid-7-C'* was purchased from New 
England Nuclear Corporation and had a specific activity of 6.8 
ue per umole. The sodium salts of ATP and UMP were pur- 
chased from Pabst Laboratories. Potassium phosphoglycerate 
was prepared from barium phosphoglycerate and K,SOQ, in the 
usual manner. Authentic orotidine 5’-phosphate was kindly 
furnished by Dr. R. E. Handschumacher, Department of Phar- 
macology, Yale University School of Medicine, New Haven, 
Connecticut. 

The supernatant fraction of normal rat liver was the enzyme 
preparation used in these studies. Male or female white rats, 


* This work was supported in part by a grant (No. C-646) from 
the National Cancer Institute, National Institutes of Health, 
United States Public Health Service. 

+ Present address, University of Arkansas, School of Medicine, 
Little Rock, Arkansas. 

1The abbreviations used are: OMP, orotidine 5’-phosphate 
(orotidylie acid); and UDPX, uridine diphosphate conjugates. 


weighing 190 to 250 g each were used. After the animal was 
decapitated, the liver was quickly excised, weighed, and homog- 
enized in ice-cold 0.25 m sucrose in an all glass homogenizer to 
form a 20% homogenate. The homogenate was centrifuged for 
1 hour at 105,000 x g in a Spinco preparative centrifuge to 
obtain the supernatant fraction (S3). 

Reaction Systems—In the initial experiments conducted to 
accumulate OMP, reaction conditions were used which dupli- 
cated the original conditions (5) under which the compound ap- 
peared. Those conditions have been modified in the studies 
reported here. 

Reaction mixtures were incubated with air as the gas phase 
and with constant agitation at 37°. After a 30-minute incuba- 
tion time was found optimal for OMP accumulation (see “Re- 
sults’), this period of incubation was used for all experiments 
involving OMP accumulation. 

Each reaction flask (25 or 50 ml) contained 3 ml of reaction 
medium of the following composition: 


Potassium phosphoglycerate 20.0 pmoles 
KH.PO, 10.0 umoles 
MgCl, 15.0 umoles 
ATP 1.0 umole 

Ribose-5-P 6.0 umoles 
UMP 10.0 umoles 
Orotic acid-6-C™ 0.3 umole 


Sucrose to make the tonicity of the medium equivalent to 
0.25 M sucrose. 
0.8 ml of Ss of normal rat liver (17.5 mg protein). 


The pH of the medium was adjusted to 7.2 to 7.4 with 1 n KOH. 
The reactions were terminated by the addition of 1.5 ml of 
1.5 N perchloric acid to each flask. The contents of the flasks 
were then centrifuged at 600 x g for 15 minutes. The pellet 
was discarded, and the supernatant liquid was neutralized with 
2.0 n KOH with the use of phenol red as an internal indicator. 
The supernatant solution obtained after refrigeration and cen- 
trifugation to remove potassium perchlorate was chromato- 
graphed on Dowex 1 (X10) (formate) resin columns. The 
chromatographic techniques will be described below. 

The effect of ATP and MgCl: on orotic acid metabolism was 
studied in the presence of 1 umole of UMP per flask. In the 
experiment in which orotic acid-7-C™ was used, 0.3 umole (2.97 x 
105 ¢.p.m.) of orotic acid-7-C™ replaced orotic acid-6-C™ in the 
reaction medium. The incubations were carried out in 50-ml 
Erlenmeyer flasks which contained 0.5 ml of 4 N NaOH in center 


2 Obtained from the Holtzman Rat Company, Madison, Wis- wells. The flasks were stoppered with serum bottle rubber stop- 
consin. pers. At the end of the incubation period the flasks were placed 
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TABLE [ 


Chromatography of acid-soluble fractions 


























No. of 
| 10 ml- 
Scheme =a 
| fraction 
ee wet Eluent commana - a 
I | II psoas Scheme 
Pigeon | I 1 
1 H.0 | 3 bases, nucleo- 
| | | sides 
| 1 0.01 N sodium borate (pH_ | | 6 | uracil 
8) 
| 2 | 0.05 m formic acid* 6 | uridine 
2| 3 | 0.4m formic acid | 7| 7| AMP 
| | #0 | 3| 3 
3 | 4 | 0.2 mM ammonium formate 21 21 | UMP, orotic acid 
H.O 3 | 3 
4; 5 3.0 m formic acid | 16 | 16 | ADP 
| | H:0 | 3| 3 
| 6 | 4.0 m formic acid—O0.1 mM! | 8| UDPX 
| ammonium formate 
| H,0 3 | 
5 | 7 | 0.3 m ammonium formate | 14 | 14 | UDPX (1),t 
aia |_| | UDP, OMP 
6| 8 | 0.4 M ammonium formate | 10 | 10 | OMP 
7 | 9 | 0.7 mM ammonium formate | 10 | 16 | UTP, UTPX{(I), 
, Me ATP (II) 
8 | 10 | 1.25m ammonium formate | 10 | 1 0 | ATP, UTPX (II) 





* Formic acid solutions were pH 2, and ammonium formate solu- 
tions were pH 5. 

t Numbers in parentheses 
scheme. 

t This compound has not been fully characterized and is desig- 
nated UTPX because it follows UTP on the chromatograms (5). 
Very little radioactivity (less than 1% of the total radioactivity 
added to the reaction flasks) was present in this fraction, and the 
radioactivity has been included with radioactivity data for UTP. 


indicate the chromatographic 


in an ice bath, and 1.5 ml of 1.5 N perchloric acid were injected 
through the rubber caps. The flasks were immediately shaken 
to mix the contents, and thereafter for 2 hours the flasks were 
shaken every 10 to 15 minutes to ensure the complete release of 
CO,. All the radioactivity added was recovered as CO, or 
acid-soluble components. The CO, collected in the alkali wells 
was precipitated as BaCO,, and the radioactivity was determined 
(7). The acid-soluble fraction was obtained and prepared for 
chromatography as described above. 

Chromatography—Several schemes for the chromatographic 
separation of the acid-soluble components, and for the rechro- 
matography of isolated OMP, were used throughout these in- 
vestigations. Dowex 1 (X10) (formate) resin was used in all 
cases. Columns 5 cm in length by 1 cm in diameter, described 
by Stone and Potter (6), were used except in two instances which 
will be indicated. 

In initial experiments, OMP isolated chromatographically 
was contaminated with both UDP and UTP, and only its high 
specific activity relative to that of the uridine compounds dem- 
onstrated its presence. Chromatography Schemes I and II 
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(Table I) provide better separation of the acid-soluble compo- 
nents. Scheme II was designed to separate uracil from uridine, 
and UDPX from UDP, without the use of rechromatography. 
Scheme I has been used in most of the work reported here. 

In chromatography Scheme I the sample was applied to the 
column at pH 6.8, and in Scheme II the sample was applied at 
pH 8.0. In order to determine the exact division between UMP 
and orotic acid, and between UDPX, UDP, OMP, UTP, and 
ATP, eluates from the relevant portions of the chromatograms 
were collected in 10 ml fractions. All the fractions from the 
chromatograms were routinely examined spectrophotometrically 
by reading the samples at 260 and 275 my in a Beckman model 
DU spectrophotometer. The radioactivity of 0.2-ml aliquots 
of all samples was determined. 

Rechromaiography—Fractions containing radioactive OMP 
were pooled and prepared for rechromatography in one of two 
ways. In one method the samples were passed through a 11 x 
3.5 em Dowex 50 resin (H-form) column to remove ammonium 
ions, and the eluate was lyophilized. In the second method the 
samples were passed through a charcoal-cellulose column (2 em 
of Norit above 1 cm of powdered cellulose in a column 1 em in 
diameter). Ammonium formate was washed off the column 
with at least 30 ml of water, and OMP was eluted in five 10-ml 
fractions with 50% ethanol containing 3% concentrated NH,OH. 
Most of the compound appeared in the first 10 ml fraction. 
Eluates were evaporated to dryness in a vacuum over a 2:1 mix- 
ture of technical NaOH-CaCl., in a desiccator. 

The dried samples were dissolved in distilled water for rechro- 
matography. Rechromatography of the first samples of OMP 


obtained was accomplished upon Dowex 1 (X10) (formate) resin | 


columns (12 cm in length X 1 cm diameter) by ammonium for- 
mate gradient elution (8). All succeeding samples were rechro- 
matographed according to chromatography Scheme I (Table I). 

Analytical Methods. Measurement of Radioactivity’—Ra- 
dioactivity was assayed in internal flow counters. A suitable 
aliquot of the material to be counted was spread over an area of 
3.8 sq. cm on aluminum planchets. Self-absorption was not 
determined unless the weight of the residue on the planchets 
exceeded 0.4 mg (9). 

Spectrophotometric Analysis—The quantities of uracil and 
adenosine compounds present in the eluates from the chromato- 
grams were determined, when these data were required, by 
reading aliquots of the eluates (pH 1 to 2) in 1-cm quartz cuvettes 
at the wave lengths of maximum absorption in the Beckman 
model DU spectrophotometer against appropriate blanks. The 
concentrations of the compounds were calculated from the 
appropriate millimolar extinction values (8). 

Absorption spectra of purified OMP preparations were deter- 
mined with a Beckman model DK recording spectrophotometer. 

Chemical Methods—Ribose and phosphate determinations were 
made on the hydrolysate of a purified sample of OMP hydrolyzed 
in 2.5 N H,SO, in a boiling water bath for 3 hours (1). Ribose 
was determined with the orcinol method with a heating time of 
60 minutes (8), and total phosphate analyses were made by the 
method of Horecker et al. (10). Protein in 8; preparations was 
measured colorimetrically with the alkaline Cu reagent of Gornall 
et al. (11). 


3 The assistance of Dr. Charles Heidelberger and his staff in all 
radioactivity determinations is gratefully acknowledged. 
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RESULTS 


I. Factors Affecting Accumulation of OMP in 
Presence of Uridine 5'-Phosphate 


1. Reaction Time—Fig. 1(a) shows the products formed from 
orotic acid-6-C™ in the rat liver supernatant system when 9 
ymoles of UMP were present initially. The largest amount of 
OMP (0.033 umole) is obtained at 30 minutes. The accumula- 
tion of OMP is slight in absolute amount, but not in relation to 
the total conversion of orotic acid. Accumulated OMP accounts 
for more than 40% of the total conversion of orotic acid to 
products at 20 minutes, and it is also the major product found 
at 30 minutes. The decreased accumulation of OMP at 45 
minutes and at 60 minutes seems to result from a decreased rate 
of conversion of orotic acid to OMP (shown by A orotic acid), 
combined with a continuing conversion of OMP to UMP. The 
potential of the system for synthesizing OMP is much greater 
than the rate of accumulation of the compound in the presence 
of UMP since the uninhibited system is capable of converting 
approximately 0.022 umole of orotic acid per mg of protein per 
hourt compared with a maximum accumulation of 0.005 umole 
of OMP per mg protein per hour even with the most effective 
UMP concentration as will be shown later. The accumulation 
of OMP in the presence of UMP is considered not due to a mass 
action phenomenon because of the irreversibility of the decar- 
boxylation reaction (1). 

Fig. 1(6) shows the amounts of compounds remaining at the 
end of the incubation periods for the experiment of Fig. 1(a). 
It is seen that the concentration of UMP rapidly decreases to a 
relatively stable level, whereas the concentrations of UTP, UDP, 
and uridine increase rapidly. There is no exact correlation be- 
tween the concentrations of these compounds and OMP accumu- 
lation, and the actual inhibitor of OMP decarboxylation can not 
be identified from the data. - 

2. Effect of Uridine 5'-Phosphate Concentration—Fig. 2(a) 
shows the increasing amounts of OMP found in the presence of 
increasing amounts of added UMP. OMP can be detected 
when 1 to 3 umoles of UMP are initially added per flask, but 
the amount is minute (0.001 to 0.002 umole per flask). The 
relation of OMP accumulation to the initial concentration of 
UMP is evident. 

At initial concentrations of UMP of 12 wmoles per flask or 
greater the conversion of orotic acid to uridine nucleotides de- 
creases, whereas OMP concentration increases. Thus, when 20 
and 30 umoles of UMP are initially added to the reaction media, 
and the conversion of orotic acid to products is greatly decreased, 
55% and 49%, respectively, of the orotic acid converted to 
products is isolated as OMP. Whether or not UMP affects 
orotic acid conversion to uridine nucleotides at a point other 
than OMP decarboxylation is unknown. The reason for the 
stimulated orotic acid conversion at initial concentrations of 
UMP of from 1 to 6 umoles per flask is also unknown. 

Fig. 2(b) shows the amounts of compounds isolated from the 
reaction media of Fig. 2(a) after the 30-minute incubation. It 
is readily apparent that the initial amounts of UMP present in 
the media are not maintained; a large proportion of the added 
UMP has been converted to uridine polyphosphates and uridine. 
Indeed, when 12 wmoles or less of UMP are added to the system 


* 2.45 umoles of orotic acid per g fresh liver per hour. 
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Fig. la. Products formed from orotic acid-6-C" in the rat liver 
supernatant (S;) system in the presence of exogenous UMP (9 
umoles per flask). The composition of the reaction media, the 
conditions of incubation, and the chromatography of acid-soluble 
fractions (Scheme II) are described in ‘‘Methods.’’ The radio- 
activity of orotic acid derivatives is expressed as the per cent of 
the total radioactivity added initially as orotic acid-6-C'*. AOA 
indicates the total conversion of orotic acid to products based on 
measurement of substrate disappearance. The broken line la- 
beled OMP as % AOA indicates the per cent of orotic acid con- 
version accounted for as accumulated OMP. 
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Fig. 1b. The amounts of uracil-containing compounds and ATP 
isolated from the reaction media of Fig. la at the end of the incu- 
bation period. 











less than 2 umoles remain at 30 minutes, and when 30 umoles of 
UMP are added less than 10 umoles remain. The enzyme sys- 
tem for the formation of uridine seems to be saturated when 30 
umoles of UMP are added initially, but the systems for UDP and 
UTP formation are not yet saturated. Thus, the accumulation 
of OMP by the addition of large amounts of UMP to the system 
is very inefficient partly because of the conversion of UMP to 
other products. Since the concentrations of UDP (and UDPX), 
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to uracil nucleotides is 56% when the initial ATP concentration 
is 2 umoles per ml, and 53% when the initial ATP concentration 
is 4 umoles per ml.) However, the labeling of uridine triphos- 
phate is optimal when the initial ATP concentration is 4 umoles 
per ml and the total conversion of orotic acid has decreased. 

Study of Fig. 3(a) reveals that priority for ATP utilization is 
shifted from one function to another over the range of initial 
ATP concentrations employed. When the initial ATP concen- 
tration is less than 1 wmole per ml, ATP is used primarily for the 
conversion of orotic acid to UMP which is neither maintained 
(note the labeling of uracil and uridine) nor converted to uridine 
polyphosphates. An initial ATP concentration of 2 umoles per 
ml results in the maintenance of UMP, but a further increase in 
ATP concentration to 4 wmoles per ml results in an increased 
conversion of UMP to uridine polyphosphates so that UTP be- 
comes the major labeled product. Finally, at initial ATP con- 
centrations of greater than 6 uwmoles per ml the total conversion 
of orotic acid is drastically inhibited. Substantial amounts of 
ATP were present at the conclusion of the incubation period in 
cases in which inhibition of the total conversion of orotic acid to 
products occurred (Fig. 3(b)), and, concurrently, the amounts of 
AMP and ADP decreased. Thus, the inhibition is likely due to 
ATP rather than to ADP or AMP. 

It is well known that ATP complexes with magnesium ions 
and that ATP-Mg complexes form the true substrates for some 
reactions (13, 14). Stone and Potter (5) found that maximum 
conversion of orotic acid-6-C™ to uridine polyphosphates was 
obtained when more than 5 wmoles of MgCl. and 1 umole of 
ATP were added per 3 ml of reaction media. An ATP:Mg 
ratio of 1:5 seemed to be required for optimal activity of the 
system. Therefore, it follows that the inhibition by ATP of the 
conversion of orotic acid to products in the present instance 
might be due to a Mg: ATP imbalance (15 uymoles MgCl.:18 to 
24 umoles ATP). That this is the case is shown in Fig. 4. 
Every flask contained 18 wmoles of ATP, and only the added 
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Fia. 4. The effect of MgCl. concentration on the conversion of 
orotic acid-6-C™ to products in the presence of an initial ATP 
concentration of 6 wmoles per ml. The radioactivity of orotic 
acid derivatives is expressed as the per cent of the total radio- 
activity added initially as orotic acid-6-C'*. AOA as in Fig. la. 
The incubation conditions and the composition of the reaction 
media, exclusive of the varied concentration of MgCl. and the 
initial ATP concentration of 6 zmoles per ml, were the same as for 
Fig. 3a. Chromatographic separations (Scheme I) were as de- 
scribed in ‘‘Methods.”’ 
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TaBLeE II 


Effect of orotic acid concentration and enzyme amount 
on OMP accumulation 

The composition of the reaction media, with the exception of 
the indicated variations in §;, orotic acid-6-C', or UMP concen- 
trations, was the same as that described in ‘‘Methods’’ for OMP 
accumulation. Incubation conditions and chromatography ac- 
cording to Scheme I were as described in ‘‘Methods.’’ The 
column ‘‘UMP left’’ indicates the amount of UMP isolated from 
the reaction media at the end of the incubation period. 








| . Orotic 
Flask | 5, added | UMP added| UMP left | ‘acd’ acid con- | Ccumu- 
| added products lation 
ml/flask | ymoles/flask | umoles/flask | umole/flask| % | umole/flask 
1 0.8 1 0.34 0.3 53.3 0.000 
2 0.8 12 2.90 0.3 31.7 0.010 
3 0.8 12 3.10 0.6 14.2 0.024 
4 0.8 12 3.25 1.0 10.2 0.016 
5 : 12 2.55 0.3 38.8 0.004 
6 1.2 12 3.63 0.6 33.4 0.013 























amount of MgCl. was varied. A requirement for an initial 
Mg:ATP ratio of greater than 1 is indicated. 

The data of Fig. 3(a) suggest that an initial ATP concentration 
of 2 wmoles per ml or less should be used to maintain UMP in 
the system for accumulating OMP. However, variation in ATP 
concentration had little effect on OMP accumulation; when 
initial ATP concentrations of 0.3, 1.0, or 2.0 wmoles per ml were 
used OMP accumulation (% of total radioactivity) was 2.42, 
0.83, and 1.86, respectively. 

4. Effect of Orotic Acid Concentration and Enzyme Amount on 
OMP Accumulation—Table II shows the results of an experiment 
designed to show whether the amount of accumulated OMP 
could be increased by increases in orotic acid concentration or in 
S;. It is apparent that the system is operating below substrate 
saturation at 0.3 umole of orotic acid per flask. It is also evident 
that increased enzyme results in an increased total conversion of 
orotic acid, but not in increased OMP accumulation, as would be 
expected if the ratio of orotidine 5’-phosphate decarboxylase to 
inhibitor were increased. The amount of UMP present at the 
conclusion of the incubation was approximately the same whether 
0.8 or 1.2 ml of Ss were added. Thus, the decreased inhibition 
of orotic acid conversion in the presence of a larger amount of 
Ss; can not be due to a decrease in the amount of UMP, and can 


be explained by the increase in orotidine 5’-phosphate decar- 
boxylase. 


II. Identification of Orotidine 5'-Phosphate 


The identification of orotidine 5’-phosphate obtained from the 
experiments reported here, and from similar ones, was hindered 
by the difficulty of obtaining sufficient quantities of the pure 
compound. However, the compound has been identified by the 
accumulated evidence presented below in addition to its content 
of ribose, phosphate, and orotic acid. 

1. Labeling of OMP from Orotic Acid-7-C'—When 0.3 umole 
of orotic acid-7-C replaced orotic acid-6-C™ in the reaction 
media for accumulating OMP, the radioactivity was recovered 
as CO2, OMP, orotic acid, and a compound tentatively identified 
as orotidine (Fig. 5). The location of a radioactive derivative 
of orotic acid-7-C™ in the same position on the chromatogram 
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Fig. 5. Conversion of orotic acid-7-C'* to OMP in the rat liver 
supernatant (S;) system. The composition of the reaction me- 
dium and the incubation conditions are given in the text. Chro- 
matography was according to Scheme I described in ‘‘Methods.”’ 
The elution scheme is indicated at the top of the figure: F.A. in- 
dicates formic acid, and A.F. indicates ammonium formate. The 
volume of each sample was 10 ml. Radioactivity is shown by 
cross-hatching, and optical densities at 260 mu (E260) are plotted 
as a solid line for each sample. The unidentified small radio- 
active peak contaminating UMP is considered to be orotidine. 
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Fia. 6. Conversion of OMP-6-C™ to orotic acid-C%. See the 
text for details of the hydrolysis and chromatographic procedures. 
Radioactivity is indicated by cross-hatching, and optical den- 
sities at 260 mu (E260) are plotted as a solid line for each sample. 
Fraction A, UMP; Fraction B, orotic acid; Fraction C, OMP. 


as that occupied by the derivative from orotic acid-6-C" strongly 
indicates that the compound is OMP. 

2. Conversion of OMP-C" to Orotic Acid-C'—A solution of 
radioactive OMP (total radioactivity of 56,500 ¢.p.m.) which 
had been rechromatographed was hydrolyzed in 2.5 N H.SO, for 
3 hours in a boiling water bath (1). The hydrolysate (56,500 
¢.p.m.) was neutralized and added to 1.0 umole of unlabeled 
UMP, 2.0 umoles of unlabeled orotic acid, and unhydrolyzed 
OMP (62,700 c.p.m.). This mixture was chromatographed on a 
Dowex 1 (X10) (formate) resin column (12 cm long X 1 cm 
diameter) by ammonium formate gradient elution (9) (Fig. 6). 
The total radioactivity found in the orotic acid was 56,700 
c.p.m., whereas radioactivity in UMP was negligible. The 
unhydrolyzed OMP was quantitatively recovered. The con- 
version of the compound to orotic acid establishes it as a di- 
rect derivative of orotic acid. 
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Fie. 7. Conversion of OMP-6-C™% to UMP-C" in the rat liver 
supernatant (S;) system. Incubation conditions, and the com- 
position of the reaction medium and the chromatographed solu- 
tion, are given in the text. Chromatography was according to 
Scheme I described in ‘‘Methods.’’ The elution scheme is in- 
dicated at the top of the figure: F.A. indicates formic acid, and 
A.F. indicates ammonium formate. The volume of each sample 
was 10ml. Radioactivity is shown by cross-hatching, and optical 
densities at 260 mp (E260) are plotted as a solid line for each sample. 


TaBLeE III 
Specific activities of isolated reaction products 





| 
| 





Compound | Concentration Radioactivity | Specific activity 
pmoles/ flask c.p.m./flask % 107% | c.p.m./pmole X 107% 
Uracil | 0.05 0.5 10.0 
Uridine 1.57 10.2 6.5 
UMP 3.07 18.5 | 6.0 
Orotic acid | 0.14 145.4 | 1050 
UDP | 0.98 6.7 | 6.8 
UDPX 0.93 8.1 8.7 
UTP 2.19 13.1 6.0 
OMP | 0.024" 25.0 1050 
0.53t 178.6 | 337 





* Value calculated from percentage conversion of orotic acid 
to OMP. 


1 Purified sample of OMP accumulated from many experiments. 


3. Conversion of OMP-C“ to UMP, UDP, and UTP—The 
media used to accumulate OMP was modified to contain 1 umole 
of UMP and 0.3 umole of unlabeled orotic acid. A sample of 
rechromatographed OMP-6-C™ (10,900 c.p.m.)> was added, and 
the mixture was incubated at 37° for 15 minutes. Fig. 7 shows 
the distribution of radioactivity from OMP in UMP, UDP, and 
UTP together with a small amount of unconverted OMP. 
Orotic acid was unlabeled. The total recovery of radioactivity 
was 10,100 c.p.m. The fact that the compound thought to be 
OMP can serve as a precursor of UMP justifies its identification 
as OMP. 

4. Specific Activity of Radioactive OMP—Table III gives the 
specific activities of compounds isolated from a reaction medium 
for OMP accumulation (initial UMP concentration of 9 umoles 


5 The sample of OMP-6-C™ used was found on rechromatog- 
raphy to contain a small amount of labeled UMP which was too 
small to account for the radioactivity found in UMP, UDP, and 
UTP at the end of the enzymatic reaction. 
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per flask) after an incubation period of 30 minutes (data from 
Figs. 1(a) and 1(b)). The specific activities shown are typical of 
those obtained from similar experiments. 

The fact that the specific activity of the compound presumed 
to be OMP is much greater than the specific activities of the 
other derivatives of orotic acid-6-C" indicates that the compound 
is a proximal metabolite of orotic acid, and, therefore, probably 
orotidine 5’-phosphate. 

5. Absorption Spectrum of OMP—The absorption spectra of 
rechromatographed samples of OMP consistently showed a maxi- 
mum absorption at 266 my and a minimum at 246 my at pH 7.0. 
However, the samples had a high absorption in the regions be- 
tween 240 and 210 my, and between 280 and 310 mu. The 
absorption spectrum did not change after further chromatog- 
raphy of the samples, and only the absorption at wave lengths 
greater than 280 my was reduced by chromatography of the 
sample on filter paper (Schleicher and Schuell No. 589 Blue 
Ribbon) in the n-propanol-water solvent of Leone and Scale (15). 
The absorption spectrum obtained for the radioactive OMP was 
similar to that obtained for an authentic sample prepared from 
a bacterial system. 

The high absorption of the OMP samples in the 240 to 210 mu 
region of the spectrum is considered due to impurity obtained by 
removal of ammonium formate from OMP fractions by: absorp- 
tion of the OMP on charcoal and elution with ammoniacal 
ethanol, since the spectrum of OMP in 0.4 m ammonium formate 
(as eluted from a Dowex resin column) has a low absorption in 
the 210 to 240 my region. 

6. Chromatographic Comparison of Radioactive OMP with Au- 
thentic OMP—When a sample of OMP labeled from orotic acid- 
7-C“ was chromatographed with unlabeled authentic orotidine 
5'-phosphate the resulting chromatogram (Fig. 8) showed the 
major portion of radioactivity (65.7%) matched with the major 
fraction (88.7%) of material which absorbed at 260 my, whereas 
the remaining radioactivity matched the smaller peak of ma- 
terial which was identified as orotidine by its absorption spectrum 
(16) and by the ratio of the optical density at 275 my to that at 
260 mu (0.9). The position of orotidine on the chromatogram 
was the same as that of the small peak of radioactivity seen in 
Fig. 5. 


DISCUSSION 


The labeled compound with high specific activity which is 
produced when large amounts of UMP are added to a rat liver 
enzyme system converting orotic acid-6-C™ to uridine nucleotides 
has been identified as orotidine 5’-phosphate. Its accumulation 
in the presence of UMP is considered to be a feedback mechanism 
because of the irreversibility of orotidine 5’-phosphate decar- 
boxylation (1). Negative feedback mechanisms in pyrimidine 
nucleotide biosynthesis have been demonstrated by Yates and 
Pardee (17, 18). These investigators have shown that cytosine 
5’-phosphate inhibits aspartate carbamyl transferase activity 
(17), and that enzyme formation in £. coli mutants is controlled 
by enzyme repression by uracil or a derivative thereof (18). 
Pyrimidine (uracil) deprivation of these organisms resulted in 
increased specific activities of aspartate carbamyl transferase, 
dihydroorotase, and dihydroorotic dehydrogenase, and the pres- 
ence of uracil sharply inhibited the formation of the enzymes. 
The data presented in the present report definitely implicate 
uridine 5’-phosphate, or a derivative thereof, in a similar feed- 
back mechanism in the formation in vitro of uridine nucleotides 
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Fig. 8. Chromatographic comparison of radioactive OMP with 
authentic OMP. Two umoles of unlabeled authentic orotidine 
5’-phosphate were added to a sample of OMP-7-C** (19,900 c.p.m.), 
and the mixture was chromatographed according to chromatog- 
raphy Scheme II described in ‘‘Methods.’’ The elution scheme 
is indicated at the top of the figure: F.A. indicates formic acid, 
A.F. indicates ammonium formate, and S.B. indicates sodium 
borate. The black bars indicate the beginning of regions in which 
water was the eluent. The volume of each sample was 10 ml. 
Radioactivity is indicated by cross-hatching, and optical densities 
at 260 my (E260) are plotted as a solid line for each sample. The 
ratio of the optical density at 275 my to that at 260 my is shown by 
the upper ordinate scale. 


by rat liver enzymes. It is suggested that such a mechanism 
may help to regulate de novo pyrimidine nucleotide synthesis in 
vivo. Operation of the mechanism in vivo would depend on the 
presence of the active inhibitor in the tissues. However, experi- 
ments in vivo have provided no evidence for the normal occur- 
rence of OMP in normal rat liver (19). 

It is probable that OMP has not been reported as an inter- 
mediate in the synthesis of UMP in vitro in normal rat liver 
enzyme systems (5, 12, 20) or in rat liver in vivo (8, 19) because 
of the relatively low accumulation of the compound in vitro, and 
because of the chromatographic elution of the compound in close 
proximity to UDP and UTP which would mask its presence. 

The greatest yield of OMP has been approximately 0.045 
umole (20 umoles of UMP added initially; 30-minute incuba- 
tion). The difficulty of accumulating large quantities of this 
compound was pointed out by Lieberman et al. (1) who found 
that the equilibrium constant in the direction of OMP synthesis 
was 0.12. OMP thus inhibits its own synthesis by mass action 
(1). It has been seen that in the present experiments a decline 
in OMP accumulation, associated with a decreased conversion of 
orotic acid to products and an unaltered rate of synthesis of 
UMP, occurs at 30 minutes. The decreased accumulation of 
OMP is apparently caused by the decreased rate of synthesis. 
As indicated above, equilibrium does not favor OMP synthesis. 
Furthermore, an increase in OMP concentration or a decrease in 
the concentration of a competitive inhibitor of orotidine 5’-phos- 
phate decarboxylase would bring about increased rates of decar- 
boxylation and, therefore, decreased OMP accumulation as the 
rate of OMP decarboxylation exceeded that of synthesis. 

Small amounts of UMP (less than 3 wmoles per flask) are 
almost completely converted to uridine, UDP, UDPX, and UTP 
in the rat liver enzyme system in 30 minutes. The addition of 
larger amounts of UMP results in the retention of larger amounts 
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of UMP at the end of the incubation period, but even when 30 
pmoles of UMP are added initially, the conversion of UMP to 
uridine and uridine polyphosphates is greater than 67%. Thus, 
the retention of UMP in the system is greatly dependent on the 
activities of the enzymes converting UMP to uridine and uridine 
polyphosphates. Since large concentrations of UMP seem to 
be necessary for OMP accumulation, it follows that those factors 
which regulate UMP concentration will regulate the synthesis 
de novo of uridine nucleotides. ATP concentration, for example, 
regulates the formation of UMP, as well as the conversion of 
UMP to uridine polyphosphates. The regulatory action of ATP 
is shown, also, by the fact that high concentrations of ATP 
sharply inhibit the conversion of orotic acid to UMP. This 
inhibitory effect, which appears to be explained in terms of the 
complexing of magnesium ions, could be explained by an inhibi- 
tion of PP-ribose-P formation since high concentrations of ATP 
have been shown to inhibit the reaction (1) despite the fact that 
ATP is necessary for PP-ribose-P production. 

The data presented here show conclusively that orotidine 5’- 
phosphate accumulates when large amounts of UMP are added 
to rat liver enzyme systems converting orotic acid to uridine 
nucleotides and establish OMP as an intermediate in UMP 
synthesis in rat liver. However, the data do not prove that 
UMP is the active substance involved in the inhibition of OMP 
decarboxylase. Support for this conclusion will be reported at 
a later date, with less complicated reaction mixtures. 


SUMMARY 


1. The conversion of orotic acid to uridine 5’-phosphate has 
been studied in a multienzyme system based on the supernatant 
fraction of normal rat liver. The uninhibited system is capable 
of converting 0.022 umole of orotic acid per mg of protein (2.45 
pmoles of orotic acid per g fresh liver) to products per hour. 

2. Evidence that orotidine 5’-phosphate is an intermediate in 
the formation of uridine 5’-phosphate from orotic acid in rat 
liver was obtained. In the absence of exogenous uridine 5’- 
phosphate no orotidine 5’-phosphate can be detected, but when 
6 to 30 umoles of uridine 5’-phosphate are added to the system, 
from 0.006 to 0.045 pmole of the intermediate can be found. 

3. Orotidine 5’-phosphate-6-C™ (or -7-C") isolated from reac- 
tion media has been characterized by its conversion to orotic 
acid, its ultraviolet light absorption spectrum, its enzymatic 
conversion to uridine 5’-phosphate, its chromatographic com- 
parison with authentic orotidine 5’-phosphate, and its content of 
ribose and phosphate in addition to orotic acid. The high 
specific activity of the compound also provides further evidence 
for its characterization as orotidine 5’-phosphate. 
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4. Several factors influencing the accumulation of orotidine 
5’-phosphate have been studied. The inhibition of the conver- 
sion of orotic acid to uridine 5’-phosphate by high concentrations 
of adenosine triphosphate has been shown to be dependent upon 
a high adenosine triphosphate-Mg ratio. 

5. It is suggested that the observed blocking of uridine 5/- 
phosphate synthesis from orotidine 5’-phosphate by uridine 
5’-phosphate, or a derivative thereof, may be a feedback process 
regulating pyrimidine nucleotide synthesis in vivo as well as in 
vitro. 
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The chemical synthesis of 1-8-p-arabinopyrimidine nucleosides 
(1-3) is effected by inverting the hydroxyl on the C2’ position 
of the ribonucleoside. The intermediate in this reaction is the 
0?:2’ cyclonucleoside compound. The arabinose-containing nu- 
cleoside of thymine was isolated by Bergman and Feeney from 
the sponge Cryptotethia crypta and, later, Bergman and Burke 
isolated the uracil arabinonucleoside from the same source (4, 5). 
The trivial name for these compounds, coined by the above au- 
thors, is spongonucleosides and their occurrence has not ‘been re- 
ported in other biological materials nor has their metabolism 
been studied. Recently, Brown et al. (6) have described the 
chemical synthesis of the 2’-deoxyribonucleosides of uracil and 
thymine. These authors suggest that the biosynthesis of de- 
oxyribonucleosides might proceed through an elimination reac- 
tion on carbon 2’ like that which gives rise chemically to the 
spongonucleosides. A direct conversion of ribonucleosides to 
deoxyribose nucleosides is consistent with biochemical informa- 
tion presently available. The work of Loeb and Cohen has 
shown that in both the normal and virus-infected E. coli, the 
ribose of RNA and deoxyribose of DNA arise from glucose via a 
common pathway (7). More direct evidence for the conversion 
of ribonucleosides to deoxyribonucleosides has been obtained in 
virus-infected E. coli by Amos and Magasanik (8) and an enzy- 
matic conversion of cytidylate to deoxycytidylate in EZ. coli has 
been recently described by Reichard and Rutberg (9). 

This work was designed to test the metabolic activity of the 
pyrimidine spongo and cyclonucleosides in pyrimidine-requiring 
mutants of E. coli and to determine whether the cyclonucleosides 
are converted to deoxyribonucleosides in these strains. Reichard 
(10) has recently reported that cyclouridine is not involved in 
the conversion of uridine to deoxyuridine by a chick embryo ho- 
mogenate. The work reported in this paper, which had been 
completed at the time of Reichard’s report (10), confirms and ex- 
tends this result; i.e. cyclonucleosides are inert in E. colt. 


MATERIALS AND METHODS 


The authors gratefully acknowledge gifts of the following com- 
pounds: cyclouridine from Dr. D. M. Brown, Cambridge, Eng- 
land; cyclocytidine and spongocytidine from Dr. Walden K. Rob- 
erts, Berkeley, California; spongouridine from Dr. J. Hunter of 
the Upjohn Company, Kalamazoo, Michigan; spongothymidine 


* This work was supported by a grant from the Commonwealth 
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t Holder of a Donner Fellowship for Medical Research admin- 
istered by the National Academy of Sciences-National Research 
Council. 


from Dr. J. Fox, Sloan Kettering Institute for Cancer Research, 
New York. 

Other nucleosides, nucleotides, and pyrimidine bases were pur- 
chased from the California Corporation for Biochemical Re- 
search. p-Nitrophenylphosphate was purchased from Sigma 
Chemical Company. 

Biological Systems—The growth characteristics of E. coli 
strains By— and W.-, and the techniques for their cultivation, 
have been described previously (11, 12). The bacterial titer was 
determined turbidimetrically and spreading on nutrient agar was 
utilized to obtain viable colony counts. The bacteriophages, the 
methods used in experiments with them, and the synthetic media 
used in the growth and infection of the bacteria have been de- 
scribed (13). 

Protein was assayed by the Lowry method (14). 


EXPERIMENTAL PROCEDURE 


Growth Studies—Synthetic media, 50 or 100 ml, supplemented 
with uracil (10 wg per ml) and glucose (1 mg per ml), was inocu- 
lated with an overnight culture to give a titer of between 5 x 10° 
to 1 X 108 cells per ml. Growth with aeration proceeded until a 
titer of 2 X 108 cells per ml was reached. The cells were chilled, 
centrifuged, and washed twice with cold media. They were then 
resuspended at 1 X 108 or 2 X 10 cells per ml in fresh media 
containing glucose (1 mg per ml) but lacking pyrimidines. The 
pyrimidine to be tested (0.045 to 0.09 umole per ml) was added 
to a 10-ml aliquot in a small growth tube (15) and aerated at 37°. 
To determine whether a pyrimidine derivative was being utilized 
by an organism, 2-ml aliquots of the culture were removed to 0.2 
ml of 30% perchloric acid, and after 15 minutes on ice the cells 
were sedimented out and the concentration of the pyrimidine 
test substance determined spectrophotometrically. The ability 
of the pyrimidine spongonucleosides to support the growth of 
By— and W.— is shown in Fig. 2. 

The spectral changes in the media for the experiments reported 
in Fig. 2 indicate that W.— growing on uracil utilized 70% of the 
pyrimidine in the first hour of growth. In the same time interval 
40% of the spongouridine was used, and the spectral maximum 
of spongocytidine at 280 my was both diminished and shifted to 
270 mu, indicating that deamination had occurred. This type 
of determination is not possible with By-, since the organism pro- 
duces orotic acid into the medium. 

The pyrimidine cyclonucleosides had no growth-promoting 
qualities for either By— or W.— under conditions comparable to 
those described above. The spectral data for W.— indicate that 
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Fie. 1. The chemical inversion of uridine to spongouridine. 
In the structure for uridine, R represents the group eliminated in 
forming the O*:2’-cyclo compound. 
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Fig. 2. Turbidimetric increase of cultures of EZ. coli strains on 
uracil and spongonucleosides. Uracil, when present, was at a 
concentration of 0.04 wmole per ml, whereas the pyrimidine spon- 
gonucleosides were present at 0.05 umole per ml. The glucose 
present limits growth at a point where the turbidity is in the order 
of 200 Klett units. The curve was the same for both organisms, 
whether uracil was augmented with spongouridine or spongocyti- 
dine, so only the former has been shown. Since the growth of 
By- on both spongonucleosides was the same, only one curve has 
been shown. 


during the first hour the cyclo compounds were not taken up, 
whether uracil was present to permit growth or not. 

That the increase in turbidity occurring with the spongopyrimi- 
dine nucleoside corresponds to an increase in the viable count of 
bacteria is shown in Fig. 3. By plating on synthetic agar it was 
possible to show that the increase in colony formers was not due 
to an increased population of uracil-independent organisms. 

Competition Studies—The ability of normal and phage-infected 
By-— to use cyclocytidine and cyclouridine in the synthesis of DNA 
was tested by permitting the nucleosides to compete with C- 
uracil for incorporation into the polymer. If the cyclo com- 
pounds or their pyrimidine component enter DNA, the amount 
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of C-uracil should be decreased and the specific activity of the 
DNA pyrimidines would be reduced. 

The experimental conditions were similar to those previously 
described for this type of experiment (11). Cells grown in syn- 
thetic medium with 0.09 ywmole of uracil per ml were harvested 
when they reached a titer of 2 x 108 cells per ml. After two 
washings with cold medium the cells were resuspended at the 
same concentration in six 200-ml batches. The resuspending 
medium was fresh medium lacking added pyrimidine. C'*-]a- 
beled uracil was added to give a final concentration of 0.066 
pmole per ml (3800 c.p.m. per umole). To Tubes 2 and 5, cyclo- 
uridine was added (final concentration 0.06 umole per ml), and 
to Tubes 3 and 6 was added cyclocytidine (final concentration 
0.06 umole per ml). The tubes were warmed to 35° and 10 mg 
of pL-tryptophan were added to Tubes 4, 5 and 6, followed by 
2.2 x 10" T6r+ phages. All tubes were aerated at 37°, and 
growth was followed turbidimetrically. In 60 minutes the titer 
of the uninfected cells had doubled and growth was stopped when 
a titer of 5.5 108 cells per ml was reached. The cells were 
chilled, harvested, and washed with 0.85% sodium chloride solu- 
tion. The pellet was extracted for 30 minutes in the cold with 
5% trichloroacetic acid, and then dried by washing with 95% 
and absolute ethanol. Lipids were removed by two 3-minute 
treatments at 60° with ethanol-ether mixture, 50:50. The dry 
pellet was treated with 2 ml of 1 m KOH for 20 hours at 37°. 
Upon acidification precipitates formed which were removed, 
washed with cold 5% trichloroacetic acid, and extracted three 
times with 1 ml of 5% trichloroacetic acid at 90° for 15 minutes. 
The extract from each batch of cells was taken to dryness, dis- 
solved in 0.5 ml of 5.8 m HCl and hydrolyzed at 100° for 3 hours. 
The bases were purified by successive chromatography in iso- 
propanol-HCl and in n-butanol-ammonia (16). 

The turbidity of the infected cells increased slowly to twice the 
original value, remained constant for 4 hours, and subsequently 
dropped. After 5 hours of aeration, 0.5 ml of chloroform was 
added and the cells allowed to stand overnight at room tempera- 
ture. The phages were isolated by two cycles of differential cen- 










VIABLE COUNT 


Fic. 3. Growth and viability of EZ. coli strain W.- on spongo- 
nucleosides. All pyrimidine compounds were present in the 
growth tubes at 0.09 umole per ml. Glucose limits growth to 
around 1.5 X 10° cells per ml. The generation time for W.- grown 
on uracil is 45 minutes; growth on the arabinose nucleosides in- 
creases it to around 80 minutes. By- has a generation time of 90 
minutes when grown on uracil and 180 minutes when grown on 
spongouridine. 
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trifugation, and then suspended in 5 ml of water and precipitated 
with 0.5 ml of 50% trichloroacetic acid in ice. The precipitate 
was collected and extracted three times with 5% trichloroacetic 
acid at 90° for 15 minutes. The viral DNA so obtained was hy- 
drolyzed and the bases purified as described above for the bac- 
terial DNA. The specific activities obtained are shown in Ta- 
ble I. The fact that neither of the cyclonucleosides diluted the 
radioactivity in the pyrimidine bases found in DNA is good evi- 
dence that they cannot be incorporated directly or metabolized 
to form a compound which can give rise to DNA precursors. 

Base Exchange—Since it appeared that the pyrimidine ara- 
binonucleosides can replace uracil as a growth requirement for 
W.— and By-, they were tested as substrates in the enzymatic 
reactions of normal pyrimidine nucleoside metabolism. The 
similarity between the growth obtained on spongocytidine and 
that on spongouridine suggests that spongocytidine is deaminated 
before use. The cytosine nucleoside deaminase used in this study 
was prepared by grinding EF. coli B with alumina and extracting 
with 10 ml of water per gram of cells. After removal of the 
alumina by centrifugation, the nucleic acids were precipitated 
with #5 the volume of 5% streptomycin sulfate. The deaminase 
was precipitated from the nucleic acid-free supernatant solution 
by the addition of solid ammonium sulfate to 75% saturation 
(12). The precipitate was collected by centrifugation, dissolved 
in and dialyzed against distilled water. All steps were carried 
out at 4°. The assay for deaminase activity was the spectro- 
photometric assay of Wang (17). The activity of the nucleoside 
deaminase is shown in Fig. 4. 

That the deaminase converts spongocytidine to spongouridine, 
was shown in the following manner. After the reaction was com- 
pleted, the protein was precipitated by placing the reaction in a 
boiling water bath for 5 minutes, and removed by centrifugation. 
The material in the supernatant fluid was chromatographed in 
isopropanol-HCl, then in isobutyric acid-ammonia (16). The 
only ultraviolet-absorbing compound corresponded to spongo- 
uridine in Rr and spectrum. Cyclocytidine under the same con- 
ditions is not deaminated, nor does it inhibit the deamination of 
deoxycytidine when both are present at a concentration of 0.1 
pmole per ml. 

The ability of By- and W.— to grow on the arabinonucleosides 
would be easily explained if the base-sugar bond could be cleaved. 
Extracts of W.— contain a very active nucleoside phosphorylase 
which splits uridine and deoxyuridine. The same enzyme will 
carry out exchange reactions between suitable nucleosides and 
pyrimidine bases (7). An extract of W.— containing the phos- 
phorylase was prepared by disrupting, in a Raytheon sonic oscil- 
lator, cells grown on uracil. Use was made of the exchange re- 
action to get a sensitive assay of the ability of the enzyme to 


TaBLeE I 
Specific activities of pyrimidine bases isolated from DNA 
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5-Hydroxymethyl cytosine.... 2910 
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Fic. 4. The enzymatic deamination of cytosine nucleosides. 
A Beckman cuvette with 1 cm light path contained 0.3 umole of 
cytosine nucleoside, 150 umoles of Tris-HCl] buffer pH 7.5, and 300 
ug of protein. The final volume was 3.0 ml. The cuvette was 
maintained at 36° and the absorbancy at 282 mu, periodically de- 
termined. The half-reaction time for deoxycytidine was 4 min- 
utes; for cytidine, 12.5 minutes; and for spongocytidine, 18.5 
minutes. 


cleave the uracil-arabinose bond. The following conditions were 
used: 1 umole of C-uracil (28,000 c.p.m. per umole), 1 umole of 
uracil nucleoside, and 25 umoles of either Tris-HCl buffer pH 7.8 
or sodium acetate buffer pH 6.5 were incubated with the extract 
of W.— (0.80 mg of protein). The final volume was 1.0 ml and 
incubation was for 5 hours at 37°. The reaction was terminated 
by placing the reaction tubes in a boiling water bath for 10 min- 
utes. After taking the solutions to dryness, the residues were 
extracted twice with 2 ml of absolute ethanol. Paper chromatog- 
raphy of the ethanol extract in ethyl acetate-formic acid sepa- 
rated the base from the nucleoside (19). The chromatogram was 
developed for 8 to 10 hours. In this time, the solvent ran off 
the paper; therefore, the bottom of the sheet was routinely ser- 
rated to aid even flow. The compounds were located by their 
ultraviolet absorption, eluted, and the specific activity of each 
unit determined. The concentration and purity of the pyrimi- 
dine compounds were determined from spectral data. The data 
are presented in Table II. The deoxynucleoside had completely 
equilibrated with the base, whereas the ribonucleoside had equi- 
librated to the extent of 70%. The spongonucleoside had equi- 
liberated to a maximal extent of 1%. The counts involved ap- 
proach the limits of sensitivity of our technique, and do not 
exceedcontrols. Itisnot considered that any exchange has been 
detected. 

Cleavage of Nucleosides—The possibility exists that spongo- 
uridine is split by a mechanism which does not lead to exchange 
and that the splitting occurs at a reasonable rate only in cells 
which have been exposed to the arabinonucleosides. To check 
this possibility, extracts of cells grown on spongouridine or uracil 
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TaBLe II 


Exchange catalyzed by nucleoside phosphorylase 
present in extracts of E. coli W— 
The values given are c.p.m. per ymole. 




















[POs] 
C*-Uracil + Uracil-Pentose [————> C"-Uracil-Pentose + Uracil 
| Deoxyuridine Uridine | Spongouridinet 
|Control* | - 
| | pH 7.8 | pH 6.5 | pH 7.8 | pH 6.5 | pH 7.8 | pH 6.5 
| | | 
} 


Nucleoside | so0l16, 700116, 600 9, 600/10, 900) 238 122 
Base | 25, 800/15, 900/11 600 18, 500 17,400.25, 000.24, 300 
| | | 


| 

* Control: the enzyme in the Tris-HCl was heated at 100° be- 
fore the addition of 1 umole of C'*-uracil and 1 umole of uridine. 
The counts in the uridine are probably due to trailing uracil. 

¢t Rechromatography of the spongouridine reduced the radio- 
activity to 111 c.p.m. per umole in system pH 7.8, and 45 c.p.m. 
per umole in system pH 6.5. These values approximate the errors 
in counting. 




















TaBLeE III 
Arsenolysis of uracil nucleosides 
Extract Substrate O.D. 290 mg* | AO.D. 290 mut 
None uridine 0.060 
spongouridine 0.080 
Uracil-grown cells | none 0.460 
uridine 0.850 +0.330 
spongouridine 0.530 —0.010 
Spongouridine- none 0.330 
grown cells uridine 0.730 +0.340 
| spongouridine 0.420 +0.010 





* Average of two independent determinations which in no case 
varied more than 0.010 O.D. units. 
t Reaction O.D. minus O.D. values of extract and substrate. 


were prepared and tested for their ability to cleave nucleosides. 
The reaction was run as follows: tubes containing 0.1 ymole of 
nucleoside, 25 ymoles of sodium arsenate pH 7.5, and bacterial 
extract (300 wg of protein) in a final volume of 0.5 ml were incu- 
bated at 37° for 40 minutes. Controls lacking substrate or ex- 
tract were subjected to the same treatment as the reaction tubes. 
The reaction was stopped by adding 0.05 ml of 30% perchloric 
acid to each tube. The precipitates were sedimented and the 
supernatant fluids removed to Beckman cuvettes with a 1l-cm 
light path and 1-ml capacity. The precipitates and tubes were 
washed with 0.2 ml of 3% perchloric acid and the washings added 
_ to the cuvettes. The contents of the cuvettes were made alka- 
line by the addition of 0.2 ml of 5 n NaOH and their absorbancies 
at 290 my were read against a reagent blank. The results in 
Table III show that 0.06 umole of uridine was split in the above 
assay, but no more than 0.002 umole of spongouridine was 
cleaved. Strain W.— requires 0.1 ymole of uracil per 10° cells. 
Since the generation time when the cells are growing in spongo- 
uridine is 80 minutes, we may conclude that if the compound is 
being broken down to free uracil before use the rate of breakdown 
should be at least 0.1 umole per 10° cells per 80 minutes. Since 
the protein in the arsenolysis experiment was equivalent to 10° 
cells, in 40 minutes 0.05 ymole of uracil should have been re- 
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leased. These data indicate that extracts of both uracil- and 
spongouridine-grown cells lack the enzymatic activity necessary 
to provide uracil from spongouridine at a rate which will support 
the observed growth. 

Enzymatic Phosphorylation—Phosphorylated derivatives of 
nucleosides are active in many metabolic roles, including nucleic 
acid synthesis. Phosphorylated spongouridine, spongocytidine, 
and spongothymidine have been synthesized enzymatically with 
the phosphotransferases present in wheat germ and carrot ex- 
tracts (20). The carrot enzyme was a purified preparation 
kindly sent to us by Dr. E. Chargaff, whereas the wheat germ 
enzyme was prepared by Miss Hazel Barner in this laboratory. 
p-Nitrophenylphosphate was always used as the phosphate 
donor. When the carrot enzyme was used, the conditions for the 
synthesis were as follows: 10 umoles of nucleoside; 200 moles of 
p-nitrophenylphosphate, 100 wmoles of sodium acetate pH 5.2, 
and 0.2 mg of protein were made up into 1 ml final volume and 
incubated at 30° for 6 hours. The reaction was terminated by 
placing the reaction tube in a bath of boiling water for 5 minutes, 
and the products were separated by paper chromatography in 
isobutyrate-ammonia. The material in the nucleotide area of the 
chromatogram was eluted and identified spectrally. With the 
use of the ribonucleotide extinction coefficients, the yield of 
spongouridylic acid was 55%; of spongocytidylic acid, 30%; and 
of cytidylic acid, 75%. 

The conditions used with the wheat germ enzyme were as de- 
scribed above except that the nucleoside concentration was 
doubled, the protein concentration was 1.2 mg per ml, and the 
incubation time was 4 hours. The yield of spongothymidylic 
acid was 38%; of spongouridylic acid, 50%; and of spongocy- 
tidylic acid, 20%. The chromatographic properties of the arab- 
inonucleosides and arabinonucleotides along with their ribose 
and deoxyribose analogues are shown in Table IV. The com- 
pounds as eluted from the paper after the transfer reaction are 
contaminated with inorganic phosphate. The enzymatically 
synthesized spongouridylic and spongocytidylic acids as well as 
standard nucleotides were treated with snake venom in the fol- 
lowing manner: 0.3 umole of nucleotide, 20 umoles of glycine 
buffer pH 8.5, 2 umoles of MgCle, and 0.2 mg of venom were 
made up to 0.25 ml and incubated at 37° for 30 minutes. At the 
end of the incubation the reaction was stopped by heating in a 
boiling water bath for 5 minutes and the products chromato- 
graphed in the isobutyrate solvent. The spongonucleotides, 
along with the standard 5’-nucleotides, chromatographed as nu- 
cleosides after the venom treatment, whereas the standard 3’- 
nucleotides still migrated as nucleotides. The 5’-structure for 
the enzymatically synthesized spongonucleotides is confirmed by 
their positive periodate-benzidine spray test when 0.5 umole was 
chromatographed and developed with these glycol detecting re- 
agents (21). It was not possible to obtain nucleotides from the 
cyclonucleosides with the above conditions. 

Formaldehyde Addition—The final enzymatic reactions studied 
were the “Cy” transfers, catalyzed by the enzymes, deoxycytidyl- 
ate hydroxymethylase, and thymidylic synthetase present in ex- 
tracts of T-even-infected FE. coli B. The methods for preparing 
these extracts and assaying the enzymes have been previously 
described (22). The extracts used in these studies were made 
by infecting FH. coli B with T2r+. In preliminary experiments 
enzymatic activity was determined by measuring the fixation 
during the reaction of C“-formaldehyde in a form nonvolatile in 
acid, and correcting by substracting a blank value obtained from 
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an enzyme incubation lacking substrate alone. These experi- 
ments seemed to indicate that the arabinonucleotides could act 
as substrates to a significant degree compared with the normal 
substrates, the deoxyribonucleotides. A more rigorous study 
was then carried out under improved conditions, and will be de- 
scribed below. The acid-nonvolatile formaldehyde assay was re- 
peated, with the use of formaldehyde of higher specific activity 
and increased quantities of enzyme. The results are shown in 
Table V. The spongonucleotides display no more than 6% of 
the activity shown by the deoxynucleotides in this assay. A 
second assay procedure made use of Dowex 50-H*+ resin columns 
(23) to purify the nucleotides.! For the cytosine nucleotides, the 
enzyme incubation was carried out as previously described and 
after the reaction was stopped with 0.5 ml of 10% trichloroacetic 
acid, the precipitate was removed and 2 ml of 0.01 m formic acid 
were added to the supernatant fluid. This mixture was placed 
on a Dowex 50-H+ column (1 X 8 cm) and eluted with 0.01 m 
formic acid. Neutral and negatively charged compounds pass 
through the resin, whereas cytidylic acids are weakly retained. 
Tetrahydrofolic acid and its complex with formaldehyde were 
strongly bound to the resin. The fractions of the eluates con- 
taining the cytidylic acids were radioactive only if deoxycytidylic 
acid was the original substrate. Since the chromatographic 
properties of the hypothetical hydroxymethylated ribo- and arab- 
ino-nucleotides are unknown, 1 wmole of hydroxymethylcytosine 
was added to the first 150 ml of eluate (negative, neutral, and 
cytosine nucleotide compounds are present) and the solutions 
taken to dryness. The residues were dissolved in 0.5 ml of 6 N 
HCl and hydrolyzed for 3 hours at 100°. After removal of the 
HCl, the pyrimidine bases were separated and purified by paper 
chromatography with n-butanol-ammonia followed by isopropa- 
nol-HCl as the solvent systems. The specific activities of the 
isolated hydroxymethylcytosine were determined as previously 
described and are presented in Table V. When the uridylic acids 
were to be tested as substrates, 1 umole of the analogous thymine 
nucleotide was added immediately before the termination of the 
reaction with trichloroacetic acid. After centrifugation of the 
trichloroacetic acid-precipitated material, 2 ml of 0.01 m formic 
acid were added to the supernatant fluid. The mixture was 
placed on a Dowex 50-H* column (1 X 4 em) and eluted with 30 
ml of 0.01 m formic acid. The eluates possessed radioactivity in 
excess of the blanks only when deoxyuridylic acid was the sub- 
strate. Further purification of the nucleotides was achieved by 
use of Dowex 1-formate columns. The eluates from Dowex 50 
were taken to pH 9 with ammonia and passed through a column 
of Dowex 1-formate (1 X 4cm). After washing with water and 
0.01 m formic acid, the nucleotides were eluted with concentrated 
formic acid. Evaporation of the formic acid was carried out in 
a vacuum and the nucleotides were converted to the nucleosides 
by use of alkaline phosphatase (7). The nucleosides were pre- 
pared for chromatography by an ethanol extraction of the dried 
phosphatase incubation mixture and a subsequent removal of 
cations with Dowex 50-H*. The separation of the nucleosides 
was carried out with the n-butanol-ammonia solvent system. 
The specific activities of the thymine nucleosides are given in 
Table V. The results of the carrier experiment described above 
show that spongouridylate and uridylate possess 2 and 0.7% of 
the substrate activity shown by deoxyuridylate in the thymi- 
dylate synthetase reaction. Spongocytidylate had 0.6% of the 

' The authors wish to thank Dr. R. Greenberg for making this 
procedure available to us before publication. 
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TaBLe IV 
Chromatographic properties of pyrimidine 
nucleosides and nucleotides 
R, given for front and back of the compound. 
| Dis- 
Rr in iso- Re te aha Rane 
com oiba ise | na nb 
formic 
acid 
cm 
RMB ee FSI ES 23 .0* 
Wiad eet 5. Rha 0.49-0.55 | 0.23-0.32 7.5 
Spongouridine................. | 0.50-0.58 | 0.72-0.78 | 10.0 
Deoxyuridine. ............-... _ 0.57-0.66 | 0.72-0.78 | 15.0 
Wimp eo occ scca nes | 0.22-0.27 0-0.03 
pc 2 ES ere ee a | 0.29-0.34 | 0.09-0.16 
Spongouridine-5’-P............ | 0.26-0.32 | 0.07-0.13 
Deoxyuridine-5’-P............ | 0.30-0.37 | 0.08-0.15 
ROI coin cs on Ge teres | 0.61-0.74 | 0.14-0.23 
Spongocytidine................| 0.64-0.73 | 0.57-0.64 
Deayeyumas: .. 6... 0.73-0.81 0.62-0.68 
Cytidine-5’-P.................| 0.37-0.44 0-0.03 
Cytidine-O7 9 |. <..4ic:. cocci | 0.46-0.55 | 0.07-0.13 | 
Spongocytidine-5’-P........... 0.39-0.46 | 0.05-0.09 | 
Deoxycytidine-5’-P............| 0.45-0.52 | 0.07-0.11 | 
Thymine........ oe | 23.5t 
Thymine ribonucleoside..... .| 0.53-0.62 | 0.35-0.49 | 8.5 
Spongothymidine...... 0.53-0.62 | 0.76-0.81 | 9.8 
Thymidine... =e 0.65-0.74 | 0.78-0.83 | 15.5 


Spongothymidine-5’-P. | 0.17-0.23 
Thymidine-5’-P . . 0.18-0.26 


er | 
Thymine ribonucleoside-5’-P. .| 0.24-0.28 | 0.02-0.07 

j | 

| 





* Chromatogram developed for 10 hours. 
{+ Chromatogram developed for 6 hours. 


TABLE V 
Assay of ‘‘C,’’ transfer reactions 
The assay contained: 20 umoles of KPO, buffer pH 7.0, 1 umole 
of nucleotide (omitted in blank reaction), 2.5 wmoles of C'*-CH.O 
(50,000 c.p.m. per umole), 0.4 umole of tetrahydrofolic acid, and 


1.9 mg of protein in a final volume of 0.5 ml. Incubation was for 
20 minutes at 37°. 

















Acid-nonvolatile Column carrier 
C%.CH:0 assay 
Substrate Total | Percent! Counts | Per cent 
counts | of activ-| per min/ | of activ- 
C4.CH:0 | ity on umole, ity on 
fixed, mi- |true sub-| minus | true 
nus blank | strate | blank | substrate 
Deoxycytidylate 7450 | 12,650 | 
Deoxycytidylate 8800 100 | 12,850 100 
Spongocytidylate (enzymatic) 480 | 6 112; 0.6 
Spongocytidylate* (chemical) | } 110 | 0.6 
CMP (enzymatic) 160 2 | 0; Oo 
CMP (purified) t 0 0 | 0 0 
Deoxyuridylate 2680 100 4,300 100 
Spongouridylate 160 6 106 2 





UMPt 80 | 3 | 37 0.7 
* Acid hydrolysis of 0*:2' cyclocytidine 3’ ,5’-diphosphate. 
t Commercial material. 
t Carrier nucleotide ribofuranosyl thymine 5’-phosphate, en- 
zymatically synthesized. 
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activity of deoxycytidylate in the (CMP hydroxymethylase re- 
action, whereas cytidylate was inactive. 


DISCUSSION 


The metabolic activities of the nucleosides discussed in this 
paper are dependent on the structure of the sugar units. Where 
an ether bridge links the 2:2’ positions, no metabolic or enzy- 
matic activity is detectable. It is unlikely that deamination on 
position 6 of the base, or phosphorylation on position 5’ of the 
pentose should be eliminated by steric hindrance from the ether 
linkage. It appears more likely that the conformation forced on 
the two rings by this linkage is unsatisfactory for interaction with 
enzyme surfaces. The inability of cyclocytidine to inhibit the 
deamination of deoxycytidine is consistent with this hypothesis. 

The metabolic inertness of the cyclonucleosides does not elimi- 
nate the possibility that a derivative, such as a phosphate, is 
metabolically active. If phosphorylation had to precede cycliza- 
tion, the inertness of the cyclonucleoside would be expected. To 
test for the activity of the cyclic nucleotides in deoxyribose forma- 
tion, a cell-free system would be required, since cells are imper- 
meable to nucleotides. As Brown et al. (6) have pointed out, the 
purine nucleosides will not form internal ether linkages which 
could lead to 2’-deoxyribonucleosides. Therefore, if the deoxy- 
ribonucleosides were formed in this way, the reaction could occur 
only with the pyrimidines and a secondary transfer to the purines 
would be necessary. 

The ability of the pyrimidine spongonucleosides to replace ura- 
cil as a growth factor for certain strains of F. coli, along with the 
absence of detectable enzymatic cleavage of these nucleosides in 
extracts of these organisms, suggests that the nucleoside may be 
used asa unit. However, chromatographic analysis? of the RNA 
of cells grown on spongouridine showed only the normal ribo- 
sides. Further work on the possibility of incorporation of spon- 
gonucleosides into nucleic acids is being carried out. 

The use of resin columns for assaying the ‘‘C,” transfer reac- 
tions has consistently given more reproducible and accurate 
values than previous assay methods (22). Moreover, the enzy- 
matic activity in an extract when assayed by the column proce- 
dure is usually twice that detected by the determination of the 
acid-nonvolatile formaldehyde. 


2 This analysis was carried out by Mr. H. Tono, of this labora- 
tory. Mr. Tono discovered that nongrowing whole cell suspen- 
sions of E. coli W.- liberate uracil on incubation with spongouri- 
dine. 
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SUMMARY 


Uracil auxotrophs of two strains of FZ. coli can have their uracil 
requirements replaced by either spongouridine or spongocytidine, 
but not by the pyrimidine cyclonucleosides. Spongocytidine is 
deaminated to spongouridine, whereas cyclocytidine is unaffected. 
Spongouridine is not split to free uracil by nucleoside phosphoryl- 
ases from uracil- or spongouridine-grown cells. Enzymatic 
transphosphorylation of the pyrimidine spongonucleosides yields 
the 5’-nucleotides but does not occur with the cyclic nucleosides, 
There is barely detectable enzymatic methylation of spongouri- 
dylic acid and hydroxymethylation of spongocytidylic acid. 
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During the course of some studies directed toward the synthesis 
of short chain polynucleotides by the action of pancreatic ribo- 
nuclease on polyadenylic-uridylic acid (20:1 A-U ratio) we dis- 
covered that the hydrolysis of this mixed polymer progressed to 
nearly 100% adenylic and uridylic acids. In a like manner, 
polyadenylic acid was also hydrolyzed completely to adenylic 
acid. 

In view of these unexpected findings a more detailed examina- 
tion of the hydrolysis of polyadenylic acid was carried out. The 
results of this study are presented in this paper. 


EXPERIMENTAL PROCEDURE 


Pancreatic RNase—Crystalline RNase was obtained from 
Worthington Biochemical Corporation (Lot No. R540 and No. 
565R), and from Sigma Chemical Company (Lot No. R99-80). 
A major portion of the studies were done with Lot No. R540, 
but all enzyme preparations behaved identically. Solutions of 
the enzyme were made up in distilled water (1.0%, weight per 
volume) and diluted to the appropriate volume with water for 
the enzyme studies. Occasionally it was necessary to adjust the 
pH of the enzyme solution before its addition to the substrate. 

Polynucleotides—Polyadenylic acid, polyinosinic acid, and 
polyadenylic-uridylic acid (1:1 base ratio) were prepared as 
described elsewhere (1). 

Enzyme Assays—(a) Release of acid-soluble material: A typical 
assay consisted of 0.1 mm polyadenylic acid, 0.017 m Tris, pH 
7.0, and 0.00017% RNase, total volume 12 ml. The reaction 
mixture was incubated at 37° in a water bath. Aliquots of 2 ml 
were removed at varying intervals, added to 1 ml of 10% HC10,, 
and the acid-insoluble material removed by centrifugation. The 
nucleotide content of the supernatant was determined by the 
orcinol] reaction (2). (6) Change in viscosity: A typical assay 
consisted of 1 mm polyadenylic acid, 0.017 m Tris, pH 7.0, and 
0.0017% RNase, total volume 6 ml. The change in viscosity 
was recorded with an Ostwald viscometer No. 100, time constant 
approximately 35 seconds. (c) Changes in optical density at 260 
mu: Either aliquots of assay (a) were removed and diluted with 
water to give a reasonable optical density at 260 my or the re- 
action was followed directly in a Beckman DU cuvette under 
conditions similar to those in the above assays, but a lower 
polymer concentration. 

Paper Chromatography—The products of the hydrolytic reac- 
tion were examined by paper chromatography with several 


* This investigation was supported by the Louise C. Bowles Re- 
search Fund, by United States Public Health Grant C-3294, Na- 
tional Cancer Institute, and by a grant from Miles Laboratories, 
Inc. 


solvents systems: (a) isobutyric acid, concentrated NH,OH, 0.1 
M Naz ethylenediaminetetraacetate, and water (66:1:1.5:31:5, 
by volume) (3); (0) isopropanol, concentrated NH,OH, acetic 
acid, and water (4:1:2:2, by volume) (4); (c) isopropanol, water 
(7:3, by volume) with NH; in the vapor phase (5). 

Column Chromatography—The products of the hydrolytic re- 
action were also examined by ion exchange chromatography with 
Ecteola-cellulose, obtained from Bio-Rad Laboratories Lot 
No. CXE 58-2, 0.64 meq. per g. The preparation was washed 
first with 0.1 n NaOH, then with 0.1 n HCl, and finally with 
water before use. The LiCl linear gradient system, described by 
Tener et al. (4), was used to elute the various oligonucleotide 
fractions. The oligonucleotides were concentrated under re- 
duced pressure and lyophilized. The lithium chloride was dis- 
solved in methanol and the insoluble oligonucleotides collected 
by centrifugation dissolved in a small amount of water and 
spotted on paper for identification studies. 


RESULTS 


Time Course for Release of Acid-soluble Material—Fig. 1 shows 
a typical set of time curves for the release of acid-soluble nucleo- 
tide material from poly A! at pH 7.0. In this set of experiments 
the concentration of poly A was varied from 0.109 mm to 0.436 
mM (Curves a toc). The concentration of RNase was 0.0017%. 
There is a distinct lag in the rate of production of the acid- 
soluble material. This lag increases with increasing concentra- 
tion of poly A. After the lag is an exponential region. The 
rate of production of the acid-soluble material does not decrease 
appreciably until nearly all of the polymer has been rendered 
acid soluble. 

The rate of production of acid-soluble material in the linear : 
portion of the curve is 6.2 umoles per minute or 0.19 ug of acid- 
soluble phosphorus per ml per minute. If the unit of enzyme 
activity is defined as the amount of enzyme in 1 ml that will 
release 0.1 ug of phosphorus per minute in 1 ml of a reaction 
mixture, the specific activity of the RNase preparation under 
the above conditions is 1.9. This may be compared with a 
reported value of 166 at pH 5.0 with RNA with phosphorus con- 
centration of 0.5 mg per ml or 175 times as large as that used in 
the above experiment with poly A (20). Direct comparisons of 
the activity of RNase on poly A with that on RNA are difficult 
because of the effect the poly A concentration and degree of 
polymerization has on the length of the lag period. Thus, at a 
poly A concentration containing 0.5 mg of phosphorus per ml, 


1 The abbreviations used are: poly A, polyadenylic acid; poly 
I, polyinosinic acid; poly U, polyuridylic acid; poly AU, poly- 
adenylic-uridylic acid. 


2393 


XUM 








2394 











ACID-SOL. NUCLEOTIDE X 10° M 





Po 

) 5 10 15 20 
MINUTES 

Fig. 1. Liberation of acid-soluble material from polyadenylic 
acid at pH 7.0. A 12-ml volume of reaction mixture contained 
0.2 mg of pancreatic RNase, 0.017 m Tris, pH 7.0, and varying 
amounts of poly A: a 0.109 mm; 6 0.218 mm; c 0.436 mm. Aliquots 
of 2 ml were removed at designated time intervals, mixed with 1 
ml of 10% HClO, and centrifuged. The soluble nucleotide ma- 
terial was determined in the supernatant. Temperature 37°. 
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Fic. 2. Liberation of acid-soluble material from polyadenylic 
acid at pH 5.0. A 36-ml volume of reaction mixture contained 1.2 
mg of pancreatic RNase, 0.017 m acetate, pH 5.0, and 0.109 mm 
poly A. Acid-soluble nucleotides were determined as in Fig. 1. 
Temperature 37°. 


0.0017 % RNase did not produce any acid-soluble material after 
2 hours of incubation. Assays of RNase with RNA containing 
only 3 wg of phosphorus are impractical to perform by the 
methods used in this study. It appears, however, that the rate 
of hydrolysis of poly A is comparable to that of RNA and is not 
the result of a trace contaminant in the enzyme preparation. 

The absolute lag decreases with increasing rates of hydrolysis. 
This relationship, which we shall define as a lag constant equal 
to the product of the intercept of the linearly extrapolated portion 
of the curve and the per cent of hydrolysis in 1 minute, is 49.6 
with 0.109 mm poly A. 

The kinetics are quantitatively different at pH values below 6 
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or, specifically, below the transition pH for poly A, at which 
point it changes from a randomly coiled single chain polymer 
(alkaline form) to a helical coiled and presumably double chain 
polymer (acid form). In Fig. 2 is shown the time curve for the 
release of acid-soluble nucleotide material at pH 5.0 with 0.109 
mM poly A and 0.033% RNase, or twice as much as in the ex- 
periments illustrated in Fig. 1. The striking feature of this ex- 
periment is the very short lag period and the prolonged linear 
slope which does not fall off until nearly 100% of the polymer 
has been rendered acid soluble. Increasing the concentration 
of the polymer does increase the lag period but does not abolish 
the marked linear character of the reaction rates. 

The lag constant in this experiment is only 4.8 or roughly 7y 
of that observed at pH 7.0 for the same concentration of polymer. 

Viscosity Changes—The lag observed at pH 7 could result from 
the inhibition of the enzyme by the polymer. Against this 
hypothesis are observed changes in viscosity of the reaction 
mixture during the lag period itself. Fig. 3 shows the drop in 
viscosity increment of a poly A preparation at a concentration 
of 4.4 mm, or 40 times that used in the experiment shown in Fig, 
1, Curve a. The concentration of RNase was kept at 0.0017%. 
There is an immediate abrupt drop in the viscosity increment to 
approximately zero before the appearance of any acid-soluble 
material. 

Comparable viscosity studies at pH 5 were not successful be- 
cause of the gel character of the polymer in this pH region. 

Optical Density Changes—The results observed with changes in 
the concentration of acid-soluble material are paralleled by 
changes in optical density of the polymer solution at 260 mu. 
At the high concentration of polymer at pH 7.0 there is no change 
in the optical density until just before the appearance of the 
acid-soluble material. In general, the lag in the optical density 
at increased concentrations of poly A is not as marked. Similar 
results have also been obtained at pH 5.0. 

pH Optima—Fig. 4 shows the effect of pH on the rate of release 
of acid-soluble material. The rate has been determined by the 
reciprocal of the time required to liberate 35% of the polymer as 
acid-soluble material. There are two optima, one at approxi- 
mately pH 8.0, the other at pH 6.5. 
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Fic. 3. Change of viscosity increment of poly A. A 6-ml vol- 
ume of reaction mixture contained 0.2 mg of pancreatic RNase, 
0.017 m Tris, pH 7.0, and 4.4 mM poly A. Viscosity increment was 
determined with an Ostwald viscometer No. 100, flow time 35.5 
sec. The zero time value was determined on a control without 
addition of the enzyme. The first point was estimated to cor- 
respond to a time equal to 4 the flow time. Temperature 37°. 
@——@, Control; O O, RNase-treated. 
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Inhibition by KCI—All experiments described thus far were 
carried out at low ionic strength, 7.e. no KCl was added. In- 
creasing the ionic strength by the addition of KCl inhibits the 
reaction strongly. Table I shows this effect. Indeed, at 0.2 m 
KCl the reaction is completely stopped. That this effect is not 
the result of an increase in the lag region is confirmed by the 
observation that the inhibition remains complete long after all 
of the higher polymer should have been hydrolyzed by the en- 
zyme to acid-soluble material. 

Inhibition by MgCl.—The action of the enzyme is also in- 
hibited by MgCl. (Table II). 

Inhibition by Acridine Orange—Acridine orange also strongly 
inhibits the reaction, the inhibition being 100% when the con- 
centration of the dye exceeds the concentration of the polymer. 
As the quantity of acid-insoluble material decreases, the in- 
hibition by the dye increases. These effects are illustrated in 
Table ITI. 

Products of Reaction—Complete hydrolysis of the polymer 
yields only one product which has Ry values in the Solvent 
Systems a, 6, and c equal to those of adenosine 3’(2’)-phosphate 
and tentatively identified as adenosine 3’-phosphate. 





RELATIVE RATE 
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Fic. 4. pH Optima of pancreatic RNase with poly A as sub- 

strate. A 12-ml volume of reaction mixture contained 0.2 mg of 

pancreatic RNase, 0.017 m buffer (acetate pH 5.5, 6.0; phosphate 

pH 6.5, 7.0, 7.5; Tris pH 8.0, 8.5, 9.0) and 0.109 mm poly A. Acid- 

soluble nucleotides were determined as in Fig. 1. Rates were 

recorded as relative values determined from the reciprocal of the 

time required to liberate 35% of the polymer as acid-soluble ma- 
terial. Temperature 37°. 


TABLE [| 
Inhibition of action of pancreatic ribonuclease on polyadenylic acid 
A 6-ml volume of reaction mixture contained 0.01 mg of RNase, 
0.109 mm poly A, and 0.017 m phosphate buffer, pH 6.5, and KCl. 
The rates of hydrolysis have been estimated from the relative 








amounts of acid-soluble material in 20 minutes. Temperature 
37°. 

KCl Inhibition 

M % , 

0 0 

0.033 35 

0.066 66 

0.13 93 

0.33 100 
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TaBLeE II 
Inhibition of action of pancreatic ribonuclease on polyadenylic acid 
by MgCl: 
Experimental conditions were the same as in Table I. 
MgCh Inhibition 
mM % 
0 0 
0.17 + 
0.33 19 
0.67 34 
1.7 66 





TaBLe III 
Inhibition of action of pancreatic ribonuclease on polyadenylic acid 
by acridine orange 
An 18-ml volume of reaction mixture contained 0.3 mg of pan- 
creatic RNase, 0.109 m poly A, 0.017 m phosphate buffer, pH 6.5, 
and varying amounts of acridine orange. The relative rates were 
determined by the amount of acid-soluble material released after 
20 and 40 minutes. Temperature 37°. 











Acridine orange — by as Inhibition, 20 min ~~ 
mM % % 
0.022 0.20 3 15 
0.043 0.40 + 31 
0.067 0.61 29 60 
0.087 - 0.80 84 88 
0.109 1.0 92 94 








When the hydrolysis is carried out at pH 7.0, the initial prod- 
ucts of the reaction observed by paper chromatography are a 
series of slower moving components (Fig. 5), oligonucleotides. 
With the Solvent System a used in the experiment of Fig. 5, 
the resolution of the individual components is poor. However, 
this chromatogram does show that by the time any significant 
portion of the mononucleotide has appeared, the portion of the 
polymer with an R, of zero has disappeared and has been re- 
placed by oligonucleotides. 

Comparable results have been obtained by column chromato- 
graphic analysis of the products. In Fig. 6 is shown the dis- 
tribution pattern of the hydrolytic products separated on Ecteola- 
cellulose with a LiCl gradient elution system (4). These products 
were obtained after digestion of 5.2 mm poly A by 0.02% RNase 
for 80 minutes. 

The compound in Peak @ was identified by paper chroma- 
tography as adenosine 3’(2’)-phosphate. The compound in 
Peak 6b migrated at a rate slower than either adenylic acid or 
adenosine 2’:3’-phosphate and is presumed to be a dinucleotide. 
Similarly, substances in Peaks ¢ and d are tentatively identified 
as the tri- and tetranucleotides. Because the method of pre- 
paring the digests involved a boiling step it is probable that all 
four compounds have a terminal monoesterified phosphate group. 
The pattern in Fig. 6 is typical of that observed with a homol- 
ogous series of oligonucleotides (ef. 4). 

The distribution curve reveals a complete absence of oligo- 
nucleotides above the tetramer, a very small amount of the 
tetramer and monomer, and a large concentration of the dimer. 
Column chromatographic separations of less extensively digested 
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Fic. 5. Paper chromatogram of RNase digestion products of 
poly A at pH 7.0. A 6-ml volume of reaction mixture contained 
1.0 mg of pancreatic RNase, 0.017 m Tris, pH 7.0, and 4.4 mm poly 
A. Aliquots were removed at varying intervals and spotted on 
3MM Whatman paper. Solvent System a used. 
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Fic. 6. Ecteola-elution pattern of RNase-digested poly A. A 
5-ml volume of reaction mixture contained 1 mg of pancreatic 
RNase, 0.02 m Tris, pH 7.0, and 5.2mm poly A. The mixture was 
incubated at 37° for 80 minutes, quickly brought to 100° in a boil- 
ing water bath, cooled, and passed through a column of Ecteola 
(1.2 K 4.5 cm) in the chloride form. After washing the column 
with water (all ultraviolet-absorbing material was absorbed on 
the column) the oligonucleotides were eluted with a linear LiCl 
gradient. Products tentatively identified as a, Ap; b, ApAp; c, 
ApApAp; and d, ApApApAp. 


polymer reveal only a trace of the monomer but progressively 
increasing quantities of the longer chain oligonucleotides. The 
highest in the series detected as a shoulder is a presumed 8- 
membered oligonucleotide. 

At pH 5 (Fig. 7) the major initial product is the mononucleo- 
tide, with a small amount of oligonucleotides which subsequently 
disappear. During the major period of the hydrolytic process, 
only the material with an Ry of zero and the mononucleotide are 
present in the mixture. 
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Fic. 7. Paper chromatogram of RNase digestion products of 
poly A at pH 5.0. Experimental conditions the same as in Fig. 5, 
except 2 mg of RNase and 0.02 m acetate, pH 5.0, were used. 
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Hydrolysis of Mixed Polynucleotides—A preparation of poly 
AU with a base ratio of approximately 1:1 was treated with 0.1% 
RNase for 24 hours at pH 7.0. The mixture was then chroma- 
tographed on paper with Solvent Systems a and c. The former 
revealed the presence of uridylic 2’(3’)-phosphate (Rr = 0.223) 
and material remaining near the origin. No adenosine 2’(3’)- 
phosphate, adenosine 2’:3’-cyclic phosphate, or uridylic 2’:3’- 
cyclic phosphate could be detected. The latter revealed the 
presence of three additional spots with Ry values smaller 
than uridylic 2’(3’)-phosphate. These are presumably ApUp, 
ApApUp, and ApApApUp or their cyclic isomers, previously 
described by Heppel et al. (6). 

Hydrolysis of Poly I—Poly 1 is also hydrolyzed 100% to the 
corresponding mononucleotide, inosine monophosphate (3’). 

Hydrolysis of Adenosine 2’ :3'-Phosphate—Adenosine 2’:3’- 
phosphate was treated with 0.3% RNase for 12 hours at pH 8.0 
and 37°. The mixture was then chromatographed with Solvent 
System 6. A substantial fraction of the cyclic nucleotide was 
converted to the monoesterified form. 


DISCUSSION 


The present studies show that pancreatic RNase can hydrolyze 
the purine-purine phosphodiester linkages of either poly A or 
poly I. The rate at which this reaction takes place suggests 
that this is not the result of a contaminant but is a property of 
one of the major constituents. Studies by Heppel? confirm this 
with the demonstration of hydrolysis of poly A by RNase A. 


2 The specific enzyme fraction of pancreatic RNase responsible 
for the hydrolysis of poly A has been examined by Dr. Leon A. 
Heppel with a variety of preparations. RNase A prepared by 
Hirs (19) from an XE-64 column and RNase A prepared by Anfin- 
sen from a CM-cellulose column readily hydrolyzed poly A. The 
products of the hydrolysis consisted of a mixture of terminal mono- 
esterified and cyclic phosphate nucleotides. The relative rates 
of hydrolysis decreased with the size of the oligonucleotides. 
Both Mg and KCl inhibited the reaction. 
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At pH regions above the pK of poly A the enzymatic attack is 
random along the polymer chain. Evidence for this is the pro- 
longed lag in the rate of production of acid-soluble oligonucleo- 
tides, the rapid initial drop in viscosity and the demonstration, by 
paper chromatography and ion exchange studies, of a series of 
oligonucleotides. 

In addition, the enzyme preferentially attacks the longer chain 
polymers. Indirect evidence for this is the increase with in- 
crease in polymer concentration in the lag period preceding the 
liberation of acid-soluble material. Moreover, as shown by the 
paper chromatograms, little adenylic acid appears until all of the 
material with an Rp of zero has disappeared. 

More convincing data are found in the column chromatography 
studies. The distribution of oligonucleotides during the hy- 
drolytic reaction is sharp, particularly during the later phases. 
As shown in Fig. 6 a very small quantity of adenylic acid is 
formed, even when all the material longer than a tetramer has 
disappeared. Clearly, the action of the enzyme decreases with 
decreasing size of the oligonucleotides. The longer chain oligo- 
nucleotides and polynucleotides inhibit the action of the enzyme 
on the shorter chain polymers. The mechanism of inhibition 
may be accounted for on the basis of a substrate competition for 
the active enzyme site. 

The effect of the concentration and size of the polymer may 
provide an explanation for the failure of Heppel et al. (6) to ob- 
serve the production of oligonucleotides from poly A by the 
action of pancreatic RNase. The concentration of poly A was 
0.5% and of RNase 0.05%. A 7-hour period of incubation is 
too short for any appreciable concentration of oligonucleotides to 
appear. 

The facility with which pancreatic RNase can hydrolyze poly 
A to adenylic acid is inconsistent with the earlier conclusion that 
the purine-purine phosphodiester bonds of RNA are not hy- 
drolyzed by pancreatic RNase (7-9). The evidence for this 
hypothesis was the absencé of any purine mononucleotides in 
pancreatic RNase digests of RNA (5, 10-14). This view was 
subsequently reinforced by the studies of Singer et al. (15) and 
Heppel et al. (6) on the copolymer, poly AU, which had a base 
ratio of approximately 1:1. More recently Hakim (16) has 
shown with RNase A and B preparations a failure to produce 
purine mononucleotides from RNA. 

In addition to the apparent inability of pancreatic RNase to 
hydrolyze the purine-purine bonds of RNA and poly AU, this 
enzyme has also been reported to be inactive towards the purine 
3’ — 5’-pyrimidine phosphodiester bonds. The oligonucleotides 
isolated from pancreatic digests of RNA characteristically have a 
terminal purine 3’ — 5’-phosphodiester bond (12). Similar 
products are also isolated from RNase digests of poly AU (6), 
ie. Up, ApUp, ApApUp, and ApApApUp. 

Finally, pancreatic RNase has been reported to be inactive 
toward the purine cyclic nucleotides, adenosine 2’:3’-phos- 
phate and guanosine 2’:3’-phosphate (17). Recently, however, 
Hakim (18) has obtained evidence that RNase B hydrolyzed 
guanosine 2’ :3’-phosphate to guanosine 3’-phosphate. Further- 
more, with proper ratios of RNase A and B or additions of each 
in suitable sequences he has observed production of purine 
mononucleotides (17), an indication of some hydrolysis of either 
purine-purine or purine 3’ — 5’-pyrimidine phosphodiester 
linkages. 

In view of these considerations, the specificity of pancreatic 
RNase appears to be dependent on at least three variables. (a) 
The purine 3’ — 5’-pyrimidine phosphodiester bond is strongly 
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resistant to attack. (6) Adjacent purine-purine bonds repre- 
sented by Pu—p—Pu—p—Py—p are also strongly resistant to 
attack, the degree of susceptibility increasing with the distance 
from the purine 3’ — 5’-pyrimidine bond. (c) The susceptibility 
of the purine-purine bonds decreases with the degree of poly- 
merization of the oligonucleotide. The latter may be a function 
of the affinity of the enzyme for the oligonucleotide. The com- 
bined effects of (b) and (c) probably account for the facility with 
which the oligonucleotides can be isolated from a copolymer such 
as poly AU after prolonged digestion by RNase. Since pyrimi- 
dine 3’ — 5/-purine bonds are attacked by the enzyme the 
susceptibility of the purine-purine bonds in compounds repre- 
sented by Py—p—Pu—p—Pu cannot be evaluated. 

However, because poly A is a unique polynucleotide with many 
properties not in common with copolymers or RNA, it is haz- 
ardous to extrapolate too much from these studies into the 
possible specificities of pancreatic RNase with RNA. In par- 
ticular, the inhibitory effects of Mg and KCl may reflect the 
influence these agents have on the secondary structure of poly A, 
i.e. the helical and (presumably) double strand polymer. It 
is possible that the action of RNase is dependent upon the 
strongly electronegative character of the polymer and its single 
strand conformation. The inhibition by acridine orange, an 
organic cation, may be a result of the charge neutralization of the 
polymer. 

The hydrolytic studies at pH regions below the pK of poly A 
suggest that the enzyme can attack only the terminal portion of 
the rigid helical form of the polymer. The kinetics of hydrolysis 
with the constant production of acid-soluble material are con- 
sistent with an end-group attack not unlike that of the phos- 
phorolytic reaction. Moreover, the preponderance of the mono- 
nucleotide as the major product of the hydrolytic reaction as 
shown by paper chromatography studies can be accounted for by 
this hypothesis. Increased susceptibility of the oligonucleotides 
to hydrolysis relative to the polymers provides an alternate ex- 
planation. Thus, the conformation to an ordered helical struc- 
ture is less prone to happen with short chain polymers than with 
long chain polymers. Against this hypothesis, however, are the 
kinetics which despite the relative susceptibility of the oligo- 
nucleotides to hydrolytic attack should be markedly autocatalytic 
if the attack on the longer chains is random. 

The specificity of pancreatic RNase has been recently re- 
examined by several investigators. Takemura et al. (21) have 
found that Worthington pancreatic RNase hydrolyzes apyrimi- 
dinic RNA, but that neither RNase A or B can accomplish this. 
They suggest that the action observed is the result of a con- 
taminant in the commercial preparation. On the other hand, 
Hakim (22) has observed that, although RNase A does release 
purine nucleotides from RNA and RNase B releases only the 
guanine nucleotide fraction of the purines, the simultaneous or 
sequential action of RNase A and RNase B at ratios less than 
1:1 results in a substantial release of both guanine and adenine 
nucleotides. Recently, Rosenberg and Zamenhof (23) have 
found that the substrate, polyribophosphate, is hydrolyzed by 
RNase. The question of specificity is, of course, complicated 
by the heterogeneity of pancreatic RNase preparations and also 
by the alterations in the physicochemical properties of the various 
enzyme preparations as a result of the procedures employed in 
the purification of these enzyme fractions. 

The present studies emphasize further the complexity of the 
problem of RNase specificity. Applications of this enzyme (or 
its fractions) to a study of nucleotide sequences can provide in- 
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formation regarding the structure of polynucleotides. However, 
the possibility that a sufficient fraction of purine-purine phospho- 
diester bonds in RNA can be cleaved by this enzyme introduces a 
factor of uncertainty in the interpretation of the results obtained, 
particularly with respect to the structure of oligonucleotides 
having a long series of purine-purine phosphodiester linkages. 
The analytical methods, particularly those directed toward the 
identification of purine mononucleotides, are not sensitive enough 
to permit one to conclude unequivocally that only the pyrimi- 
dine-pyrimidine and pyrimidine 3’ — 5’-purine phosphodiester 
bonds are attacked. However, the results of Hakim (22) indicate 
that purine-purine bonds of RNA are hydrolyzed to a significant 
degree under certain circumstances. 


SUMMARY 


Pancreatic ribonuclease hydrolyzes the phosphodiester linkages 
in polyadenylic and polyinosinic acids. The final products are 
the corresponding mononucleotides. Above pH 6.0 the hy- 
drolysis of polyadenylic acid is random and directed preferentially 
toward the longer chains. Below pH 6.0 the terminal phospho- 
diester bonds of polyadenylic acid are preferentially attacked. 
KCl, Mg**, and acridine orange inhibit the action of ribonuclease. 
The two pH optima are at approximately pH 8.0 and 6.5. The 
copolymer, polyadenylic-uridylic acid, is hydrolyzed only to 
uridylic acid and oligonucleotides. It is concluded that the 
action of ribonuclease on purine-purine phosphodiester bonds is 
decreased with decreasing chain length and by the presence of a 
terminal purine (3’ — 5’) pyrimidine phosphodiester bond. The 
latter is apparently resistant to attack by the enzyme. The 
helical form of polyadenylic acid is not attacked by the enzyme 
except at the ends of the polymer chain. 
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The term polymerase has been applied to the deoxyribonucleo- 
side triphosphate-polymerizing enzyme isolated from Escherichia 
coli (1). Enzymes with similar activity have been purified from 
regenerating rat liver (2) and calf thymus gland (3). An ample 
and varied supply of such polymerases is desirable for studies on 
the mechanism of deoxyribonucleic acid synthesis. 

The present work describes a partial purification of the calf 
thymus polymerase and demonstrates the gross properties of the 
synthetic reaction. Certain useful properties of this enzyme 
preparation are currently being exploited for studies on the nature 
of primer DNA (4). 


EXPERIMENTAL PROCEDURE 


Analytical Methods—Protein was determined by the biuret re- 
agent of Gornall et al. (5). Inorganic phosphate was determined 
by the method of Fiske and SubbaRow (6). Pyrophosphate 
was determined as orthophosphate after 15 minutes’ hydrolysis 
in 1 N H.SO, Deoxyribose was determined with Dische’s 
diphenylamine reagent (7) or the indole reaction as de- 
scribed by Ceriotti (8). Nucleotides were estimated by ultra- 
violet absorption, using the extinction coefficients of Volkin and 
Cohn (9). Tritium was counted in windowless flow counters as 
described previously (10). 

Polymerase Assay—The soluble fraction from 48-hour regen- 
erating rat liver was used to prepare crude substrate for studies 
on the purification of calf thymus polymerase. H*-thymidine 
(Schwarz BioResearch, Inc.), dAMP, dAMP, dCMP, and ATP 
were incubated with the crude liver enzyme as described in 
Method III of an earlier publication (10). The reaction mixture 
was then placed in a boiling water bath for 2 minutes and, after 
cooling, the insoluble protein was removed by centrifugation. 
The supernatant solution was used as polymerase substrate. 
Crude substrate, DNA, and an enzyme fraction were then incu- 
bated for 60 minutes, and the amount of radioactivity fixed in 
acid-insoluble form (2) was taken as a measure of enzyme ac- 
tivity. 

The advantages of the method are that it is extremely rapid 
and is nonselective as regards substrate (i.e. the “substrate” con- 
tains nucleotides at the mono-, di-, and triphosphate levels). 
Radioactivity fixed in acid-insoluble materia] could be the result 
of polymerization at any level of phosphorylation. When this 
method of activity selection is used it is possible to postpone 
studies on nucleotide requirements until a desired level of enzyme 


* This work was started during tenure of a United States Public 
Health Service Postdoctoral Fellowship (1956-1958) at the Uni- 
versity of Wisconsin. It was also supported by a grant (C-646) 
to Dr. Van R. Potter from the United States Public Health Serv- 
ice. 

t Operated by Union Carbide Nuclear Corporation for the 
United States Atomic Energy Commission. 


purity is reached. At the Fraction C stage in this work it was 
established that the substrate was deoxyribonucleoside triphos- 
phate. All subsequent work on properties of the enzyme has 
been performed with Fraction D and deoxyribonucleoside tri- 
phosphates prepared by chemical or enzymatic synthesis. 


Purification of Polymerase 


Preparation of Crude Extract—Calf thymus glands obtained 
within 30 minutes after death of the animal were packed in ice 
and transported to the laboratory. All subsequent operations 
were performed in a cold room or in refrigerated centrifuges at 
0 to 4°. After the extraneous tissue was trimmed, the glands 
were cut into 4- to 1-inch cubes, placed in a gauze bag, and washed 
in 0.15 mM NaCl. When the excess wash liquid had drained, 1-kg 
portions of the cubed glands were blended for 60 seconds (at 
alternate 15-second periods of low and high speed in a CB-3 
Waring Blendor) in 3 liters of a buffered sucrose homogenization 
medium. This medium consisted of 1 liter of 1.0 m sucrose; 48 
ml of 1.0 m Tris-HCl, pH 8.1; and 24 ml of 1 m KCl diluted to 
4 liters with glass-distilled water. The macerated tissue was then 
transferred to 250-ml cups and centrifuged for 20 minutes at 
15,000 x g in the Lourdes centrifuge. To avoid release of tissue 
nucleases, only enough tissue to fill the available centrifuges was 
blended at one time. The supernatant fraction from the ho- 
mogenate was collected in large aspirator bottles or separatory 
funnels to allow fatty material to float to the surface. It was 
then distributed in Spinco tubes for centrifugation for 60 minutes 
at top speed in a No. 30 rotor of the Spinco preparative centri- 
fuge. The supernatant from the high-speed centrifugation, 
Fraction A, was faintly pink and contained 10 to 13 mg of 
protein per ml. It can be stored at 0° for 2 to 3 days or frozen 
and stored at —20° for as long as 6 months without loss of ac- 
tivity. 

Acid Fractionation—One liter of thymus Fraction A was 
brought to pH 5.9 by addition of 80 ml of dilute acetic acid (1:200 
glacial acetic acid). The addition of the acid usually takes about 
10 minutes. The acidified solution was allowed to stand for 
exactly 15 minutes before being centrifuged for 15 minutes at 
15,000 X g in the Lourdes centrifuge. The supernatant solution 
from the first acid precipitation was then brought to pH 5.4 by 
adding 40 ml of 1:200 acetic acid. After standing for exactly 15 
minutes, the heavy precipitate was centrifuged for 15 minutes 
at 15,000 xX g in the Lourdes centrifuge. The precipitate, Frac- 
tion B, was dissolved in 400 ml of 0.02 m Tris-HCl, pH 8, to give 
a solution with a faint yellow cast and slight turbidity, contain- 
ing 10 to 12 mg of protein per ml. 

First Ammonium Sulfate Fractionation—Fraction B was taken 
to 33% saturation by slow addition of 200 ml of saturated am- 
monium sulfate solution to 400 ml of Fraction B. The heavy 
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TaBLe I 
Purification of calf thymus polymerase 
Fraction Description Specific activity* | Total unitst 
A Thymus-soluble 0.70 7700 
B 5.9-5.4 ppt. 1.10 5280 
Cc Ammonium sulfate 9.9 4950 
D DEAE eluate refraction- 38 2700 
ated with ammonium 
sulfate 














* Specific activity is defined as mymoles of radioactive sub- 
strate incorporated into acid-insoluble form per hour per mg of 
protein. References (2) and (4) describe in detail the procedures 
used for assay. 

¢ Obtained from 1 liter of starting material (Fraction A). 


precipitate that formed was centrifuged as described and dis- 
carded. Then 80 ml of saturated ammonium sulfate were added 
to the supernatant solution and the mixture was allowed to stand 
for 30 minutes. The precipitate was centrifuged and discarded 
and 120 ml of saturated ammonium sulfate were added to the 
supernatant solution from the first two ammonium sulfate pre- 
cipitations. After standing for 30 minutes, the precipitate was 
collected by centrifugation and dissolved in about 50 ml of 0.2 
M potassium phosphate buffer, pH 7.4. The active ammonium 
sulfate fraction, Fraction C, contained ~10 mg of protein per 
ml and had an A 20/A 260 ratio of ~0.6. 

N ,N’-diethylaminoethy! cellulose (DEAE, Eastman Organic 
Chemicals, Lot number 1056, exchange capacity about 0.9 meq 
per g) was washed and sized as described by Tener et al. (11). 
The Cl- form of the exchanger was then suspended in 0.2 m 
potassium phosphate, pH 7.2 to 7.4, and a column 5 em high 
was collected on an 8-cm fritted glass (coarse) funnel. Equilibra- 
tion with phosphate was accomplished by passing several liters 
of 0.2 m buffer through this column. The equilibration, adsorp- 
tion, and elution were carried out with a gravitational flow of 
about 10 ml per minute. 

The ammonium sulfate fraction from 5 liters of starting mate- 
rial (250 ml of Fraction C) was passed through the DEAE col- 
umn. The effluent and a 250-ml 0.2 m phosphate wash were 
collected and combined. The effluent from the DEAE cellulose 
column was a clear, colorless solution containing 3 to 5 mg of 
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protein per ml with an A 20/A 260 ratio of 1.6 to 1.7. The efficacy 
of this procedure for removing the nucleic acid contaminant of 
Fraction C is seen in Fig. 1. 

Second Ammonium Sulfate Fractionation—For each 100 ml of 
DEAE eluate, 54 ml of saturated ammonium sulfate were added 
and the slight precipitate which formed was centrifuged and dis- 
carded. Then, 21.5 ml of saturated ammonium sulfate solution 
were added to the supernatant fluid. After standing for 30 min- 
utes, the precipitate was centrifuged and dissolved in 0.02 » 
Tris-HCl, pH 8. Then 24.5 ml of saturated ammonium sulfate 
were added to the supernatant fluid. After 30 minutes, the pre- 
cipitate was centrifuged and dissolved in 30 ml of 0.02 m Tris- 
HCl, pH 8. The third ammonium sulfate precipitate, Fraction 
D, usually contained most of the polymerase activity. The 
second precipitate contained appreciable activity with about 
one-half the specific activity of the third and was saved for a 
further work-up. The result of a typical fractionation is shown 
in Table I. 

Substrate Preparations—The deoxyribonucleoside  triphos- 
phates used in this investigation were synthesized by the method 
of Smith and Khorana (12). Deoxyribonucleoside monophos- 
phates containing P* were prepared from enzymatic digests of 
E. coli DNA. Mixed nucleates were extracted with hot 2 m 
NaCl from lipid-extracted E. coli (13) grown in modified peptone 
broth (14) containing 40 mc of P®, as orthophosphate, per liter, 
and RNA was removed by alkaline hydrolysis before enzymatic 
digestion. Quantitative hydrolysis to mononucleotide was ac- 
complished by DNase I (Worthington) and venom diesterase 
(15) as described by Sinsheimer and Koerner (16) or, more ex- 
pediently, by degrading the denatured DNA directly with di- 
esterase at pH 8.8 overnight at 35°. Mononucleotides were 
separated on Dowex 1-formate columns with a formic acid gra- 
dient (17) and recovered by low-temperature vacuum distillation 
in a rotating flask evaporator. Bath temperatures not exceeding 
34° were used to recover purine deoxyribomononucleotides and 
up to 50° for the pyrimidines. The P*-deoxyribonucleoside 
triphosphates were prepared by phosphorylating the deoxyribo- 
nucleoside monophosphates with ATP in the presence of a re- 
generating rat liver enzyme (2). The regenerating rat liver en- 
zyme was also used for preparing H?-TTP from H?-thymidine. 
Radioactive pyrophosphate was prepared by pyrolysis of K:- 
HP#0O, (18). The material so obtained was separated from 
orthophosphate and higher polyphosphates by chromatography 
on a Dowex 1-chloride column (19). The DNA used as primer 
in the purification was prepared from salmon sperm (California 
Corporation for Biochemical Research). 


RESULTS 


Activity of Polymerase and Contaminating 
Nuclease Activity in Fraction D 


During the course of purification, several attempts were made 
to establish the true pH optimum of the polymerase. Each 
attempt resulted in a bimodal curve with maxima somewhat 
below 7 and from 7.8 to 8.0. This was interpreted as being the 
result of contaminating nuclease or substrate degrading activity 
and further investigation was not carried out. Fraction D was 
the first fraction to give the expected type of pH activity curve 


1 Consultation and assistance in growing E. coli, isolating the 
bacterial DNA, and preparing the P**-deoxyribonucleotides were 
generously provided by Dr. Elliot Volkin. 
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and Fig. 2 illustrates polymerase and “nuclease” activity as a 
function of pH. The polymerase and nuclease were assayed at 
identical pH and Mg** concentrations. E.coli DNA uniformly 
labeled with P® and isolated as described above was used as 
substrate for the nuclease assay. 

Requirements of Purified Enzyme—Table II demonstrates the 
requirements for magnesium, primer DNA, and all four deoxyri- 
bonucleoside triphosphates for the incorporation of H*-TTP into 
DNA. With a 1-hour reaction time, the optimal concentrations 
for polymerization were: Mg**, 5 to 8 mm; DNA, 100 to 200 
yg per ml; and deoxyribonucleoside triphosphates, 40 uM in each. 
That the requirement for the other deoxyribonucleoside triphos- 
phates is the result of their being incorporated into DNA is shown 
in Table III. In the experiment in Table III, the P®-labeled 
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Fig. 2. Activity versus pH for calf thymus polymerase Frac- 
tion D. Polymerase assays contained deoxyribonucleoside tri- 
phosphates (P*?-dGTP), Mg**+, DNA (salmon sperm), enzyme as 
in Fig. 3, and buffers at a final concentration of 40mm. O, gly- 
cine; A, Tris-HCl; O, phosphate; A, acetate. DNase assays 
contained P%?-DNA isolated from EF. coli, Mgtt, enzyme, and 
buffer as in the polymerase assay. Acid-soluble P* taken as a 
measure of nuclease activity and divided by 4 to permit com- 
parison with the polymerase assay where only one substrate was 
radioactive. 


TaBLeE II 
Requirements for thymidine triphosphate incorporation 

The complete reaction mixture contained the following con- 
centrations: deoxyribonucleoside triphosphates, 25 um in each 
(H*-TTP containing 6700 c.p.m. per mumole); MgCl., 10 mm; 
glycine buffer, pH 9, 25 mm; 25 ug of DNA (salmon sperm); and 
195 wg of Fraction C protein. Final volume, 0.20 ml. Incubated 
20 minutes at 37°. 
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TaB_e III 
Incorporation of deoxyribonucleotides 

Each tube contained the three nonradioactive deoxyribonu- 
cleoside triphosphates, DNA (salmon sperm), Mg**, and enzyme, 
in addition to the radioactive nucleotide listed below (see legend 
for Fig. 3). Because of the nature of the DNA preparation used 
in this experiment, the base ratios are not interpreted as repre- 
sentative of native salmon sperm DNA (ef. (21)). 





Radioactive deoxyribonucleotide | Nucleotide incorporated into DNA 





mpmoles /30 minutes 





ag fT ee | 1.20 

ee | 0.60 

pT aie 1.60 

GONE 50524 linciees ba 1.06 
TaBLe IV 


Requirements for pyrophosphorolysis 

The complete reaction mixture contained the following con- 
centrations: deoxyribonucleoside triphosphates, 40 um each; 
MgCl:, 4 mm; P*P*;, 4.8 mm (5.2 X 10° c.p.m./umole); phosphate 
buffer, pH 7.4, 40 mm; 125 wg of DNA (salmon sperm); and 125 
ug of Fraction D protein. Final volume, 0.25 ml. Mixture was 
incubated 30 minutes at 37°. Acid-soluble nucleotide was ad- 
sorbed on charcoal and counted after appropriate washing with 
carrier PP; (20). 
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nucleotides were used and it may be seen that each is incorpo- 
rated.2 

Reversibility of Reaction—Table IV shows the requirements for 
reversal of synthesis in the presence of pyrophosphate. Again, 
an absolute requirement for magnesium and DNA is observed, 
but only a partial requirement for the deoxyribonucleoside tri- 
phosphates is found. Fig. 3 illustrates that pyrophosphorolysis 
proceeds at an optimal rate at pyrophosphate concentrations 
that give about 30% inhibition of the synthetic reaction. These 
observations are not markedly different from those of Bessman 
et al. (20), who used the E. coli polymerase. 


Net Synthesis 


Table V presents results that show the ability of the calf thy- 
mus polymerase to carry out net synthesis. In this experiment, 
a calf thymus DNA preparation (Worthington) was used as 
primer and the result demonstrates that net synthesis occurs in 


2 More recent experiments show that radioactive substrate in- 
corporation reflects primer composition (21). For example, the 
incorporation ratio, (AMP®:dCMP®, in the DNA’s from bacterio- 
phages T2, T4, T6, and Hemophilus influenzae were 1.8, 1.9, 1.8, 
and 1.6, respectively, for primers having analytical ratios of 1.9, 
1.9, 1.9, and 1.6, respectively. A dTMP#:dCMP® ratio of 1.37 
was found for calf thymus DNA having an analytical ratio of 1.38. 
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Fig. 3. Pyrophosphate inhibition of deoxyribonucleoside tri- 
phosphate incorporation and pyrophosphate exchange as a func- 
tion of pyrophosphate concentration. For the pyrophosphorolysis 
each tube contained the following concentrations: deoxyribo- 
nucleoside triphosphates, 40 um in each; 125 ug of DNA (salmon 
sperm); Mg**, 4 mm; KPO,, pH 7, 40 mm; 125 ug of enzyme Frac- 
tion D; and PP; (5.15 X 105 ¢.p.m. per umole) in the concentra- 
tions indicated on the graph. Final volume, 0.25 ml. Acid- 
soluble nucleotide was adsorbed on charcoal and counted after 
appropriate washing with carrier PP;. For the forward reaction, 
each tube contained DNA, Mg**, buffer, and enzyme as just de- 
scribed. All four deoxyribonucleoside triphosphates (40 um) 
were labeled with P* in the ester phosphate, and nonradioactive 
PP; was added in the concentrations indicated. Radioactive 
substrate incorporation was measured on paper disks (4). All 
incubations were at 37° for 30 minutes. Pyrophosphorolysis was 
linear for at least 60 minutes. O——D, forward reaction, per 
cent inhibition; O——O, reverse reaction, mumoles of radioactive 
deoxyribonucleoside triphosphate (d x PP*P*) formed. 


the presence of heated DNA, whereas native DNA supports 
neither net synthesis nor incorporation of radioactive substrate 


(cf. (4, 21)). 
Inhibition at Increased Ionic Strength 


Increased ionic strength produced a marked inhibition of the 
regenerating liver polymerase® and the E. coli polymerase (1). 
A more detailed study of ionic inhibition was made with the calf 
thymus enzyme and the results are shown in Table VI. It is 
apparent that inhibition is rather general for the salts studied. 
Roughly 50% inhibition was obtained at salt concentrations 
greater than 0.1 m. The inhibition is probably not specific (cf. 
(22)) and seems to be related to the size of the cation. 


DISCUSSION 


There are now three purified DNA-synthesizing enzymes show- 
ing requirements for primer DNA, Mg**, and all four deoxyribo- 
nucleoside triphosphates. The three purified polymerases have 
been isolated from quite different sources: bacteria exhibiting 
unlimited growth (1), regenerating liver in which the enzymes 
required for DNA synthesis must be activated (2), and calf 
thymus in which a steady state of cell production is maintained. 
The fact that these enzymes have similar requirements suggests 
that deoxyribonucleoside triphosphate polymerization may be a 
general mechanism in DNA synthesis. 


3 Unpublished experiments. 
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Further insight into the mechanism of DNA synthesis requires 
an understanding of the function of DNA “primer.” In a study 
of base composition and base incorporation ratios, Lehman ef al. | 
(23) found that DNA products formed by E. coli polymerase 
reflect primer composition over a wide range of DNA composi- 
tions. They suggest that primer provides a template, presum- 
ably active in hydrogen bonding with substrate, thereby deter- 
mining the composition of the product. Studies on the primer 
requirement for calf thymus polymerase have demonstrated the 
necessity for using denatured DNA as primer for radioactive 
substrate incorporation (4) and DNA synthesis (Table V), 
Various mild denaturation procedures have been tested for effec- 
tiveness in primer formation. Brief heating at temperatures 
from 25-68° was ineffective, whereas temperatures of 78-100° 
brought about primer formation. Acid or alkaline denaturation 
(pH 2 or pH 12 for 30 minutes at 0°) was similarly effective. 
In all cases where primer was formed, the product synthesized 
by calf thymus polymerase in the presence of that primer DNA 
had a base incorporation ratio of the parent DNA preparation 
(21). Heat-denatured DNA preparations from calf thymus, 


Hemophilus influenzae, and bacteriophages (T7'2, Ts, Ts) used as | 


primer in the calf thymus polymerase system also resulted in 
base incorporation ratios characteristic of the primer.” 

There is, therefore, good evidence from studies on the bacterial 
polymerase and suggestive evidence from the mammalian enzyme 
that products reflect primer composition. The calf thymus 
polymerase implicates denatured DNA as the priming entity and 
there is suggestive evidence for a similar property in the bacterial 
system (24). Taken together, these findings provide experi- 


TABLE V 
Heated primer requirement for net synthesis of DNA 

All values are expressed as ug of DNA or Aug of DNA per 0.1 
ml of reaction mixture unless otherwise noted. Each reaction 
mixture contained the following concentrations: deoxyribonu- 
cleoside triphosphates, 100 um in each (P®-dCTP, 2600 c.p.m./ 
mumole); MgCl, 6.6 mm; mercaptoethanol, 1 mm; potassium 
phosphate, pH 7.3, 40 mm; calf thymus DNA (untreated or heated 
2 minutes at 99° in 0.02 m potassium phosphate, pH 7.0); and 600 
ug of enzyme Fraction D protein. Final volume,1.0ml. Samples 
of 0.2 ml were taken several times during incubation at 35° and 
precipitated with 9 volumes of 0.6 m perchloric acid. After cen- 
trifuging, the precipitates were dissolved in 0.2 ml of 0.2 m NaOH 
and reprecipitated with 9 volumes of 0.6 m perchloric acid. The 
final precipitate, dissolved in 2.0 ml of 0.2 m NaOH, was used for 
spectral and chemical analysis. Samples (25 yl) of the reaction 
mixture were also taken at corresponding times and used for esti- 
mation of dCMP* incorporation by the paper disk procedure (4). 














Incubation time ——. AAreot eo 4280/260 
hours ug DNA | Aug DNA Aug DNA 

Heated DNA 

0 19.8 

5 27.1 +6.7 +7.6 -—7% 
Unheated DNA 

0 24.0 

5 | 23.0 —1.8 +0.02 0 











* Ceriotti method for DNA (8). The lower zero time value for 
heated DNA samples is the result of increased acid solubility of 
such samples and has been observed consistently in a number 
of similar experiments. 

t An Al‘em of 182 was used for this calculation. 
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TaBLeE VI 
Ionic strength inhibition of calf thymus polymerase 


Each tube contained the following concentrations: deoxyribo- 
nucleoside triphosphates, 40 um in each (dGTP, 1060 c.p.m./ 
mymole); Mg**, 8 mm; potassium phosphate, pH 7, 40 mm; mer- 
captoethanol, 1 mm; 82 ug of DNA (salmon sperm); and 120 ug of 
Fraction D protein. Final volume, 0.25 ml. All tubes were in- 
cubated 30 minutes at 35° and aliquots were assayed by the paper 
disk procedure (4). Molarities are the final concentration of 
added salt with the exception of the last entry, where molarity is 
total phosphate. The 0.04 m phosphate reaction, the control for 
all reactions in this series, incorporated 2.0 mumoles of dGMP®. 








Added salt Molarity Inhibition 
% 
LiCl 0.80 100 
0.20 100 
0.10 93 
0.05 83 
0.025 76 
NaCl 0.80 95 
0.20 98 
0.10 84 
0.05 40 
0.025 0 
KCl 0.80 99 
0.20 98 
0.10 76 
0.05 0 
0.025 0 
NH.Cl 0.80 100 
0.20 98 
0.10 63 
0.05 0 
0.025 0 
Tris-Cl (pH 7) 0.53 98 
0.133 92 
0.066 44 
0.033 0 
0.016 0 
KPO, (pH 7) 0.44 100 
0.14 42 
0.04 0 











mental justification for the suggestion that a release from the 
rigid, hydrogen-bonded configuration is a prerequisite for prim- 
ing action and that reformation of hydrogen bonds plays a role 
in the synthetic reaction which may then proceed. 

The polymerase preparation described is useful for studies on 
the nature of DNA primer, primarily because it distinguishes 
between native and denatured DNA preparations. This prop- 
erty permits an examination of the action of various chemical 
and physical modifications on the priming activity of the DNA 
molecule (25). Recent observations on the ability of this en- 
zyme preparation to utilize homogeneous and heterogeneous 
oligodeoxyribonucleotides for primer (25, 26) suggest additional 
possibilities for studies on polydeoxyribonucleotide synthesis. 

Extensive purification of the enzyme activity (or activities) 
observed is highly desirable. The preparation described pro- 
vides a starting point for that and for research related to the 
nature of DNA primer. 


XUM 
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SUMMARY 
Partial purification of a deoxyribonucleic acid (DNA)-synthe- 


sizing enzyme from calf thymus gland has been achieved. The 


purified enzyme preparation requires the deoxyribonucleoside 
triphosphates of adenine, guanine, cytosine, and thymine, Mg**, 
The synthetic reaction is in- 
hibited by pyrophosphate and, if radioactive pyrophosphate is 
used, it is incorporated into deoxyribonucleoside triphosphate. 
The over-all reaction may therefore be written: 


‘ _ f DNA, Mg** 
Deoxyribonucleoside triphosphates sphcmtemecletaatiomets 


DNA + pyrophosphate 


Calf thymus polymerase has a pH optimum around 7.2 and 
exhibits a minor nuclease activity with a maximum at pH 8 to 
9. DNA synthesis catalyzed by the calf thymus polymerase is 
markedly inhibited at ionic strengths exceeding 0.10 m. 
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The biosynthesis of thiamine appears to be accomplished with 
the initial formation of the pyrimidine and thiazole moieties by 
independent biosynthetic pathways, followed by a final step 
in which 2-methyl-4-amino-5-hydroxymethylpyrimidine and 4- 
methyl-5-(8-hydroxyethyl) thiazole are joined together to give 
thiamine. This conclusion was indicated originally from the 
observations that certain thiamine-requiring microorganisms can 
utilize the combination of hydroxymethylpyrimidine! plus 
thiazole in place of thiamine, a fact which suggests that these 
organisms cannot synthesize either hydroxymethylpyrimidine or 
thiazole, but are able to form thiamine from these two com- 
pounds. The nutritional and genetic studies on a series of 
thiamine-requiring Neurspora mutants by Tatum and Bell (1) 
and Harris (2) tended to support the above conclusion, although 
some anomalous results obtained by these workers led them to 
postulate the existence in Neurospora of a second pathway 
whereby hydroxymethylpyrimidine is condensed with a thiazole 
precursor followed by the conversion of the unknown condensa- 
tion product to thiamine (2). 

The first relevant enzymatic evidence was provided by Harris 
and Yavit (3), who reported that extracts of bakers’ yeast could 
catalyze the formation of thiamine from hydroxymethylpyrimi- 
dine, thiazole, and ATP in the presence of magnesium ions. 
They also reported that a synthetic monophosphate ester of 
hydroxymethylpyrimidine (pyrimidine-P) could replace the 
hydroxymethylpyrimidine and ATP requirements. The latter 
observation suggested that pyrimidine-P is an intermediate which 
reacts with thiazole to form thiamine and that this phosphate 
ester is formed enzymatically from hydroxymethylpyrimidine 
and ATP. However, investigations by Leder (4) indicated that 
the reaction is more complex than that proposed by Harris and 
Yavit. He found that yeast preparations could convert pyrimi- 
dine-P and thiazole to thiamine only if ATP were also supplied. 
Three independent groups of investigators then presented evi- 


* This work was supported by research grant G4580 from the 
National Science Foundation. 

tA Karl T. Compton Fellow of the Nutrition Foundation, 
1956 to 1959. Present address, Department of Microbiology, The 
Upjohn Company, Kalamazoo, Michigan. 

1The abbreviations used are: hydroxymethylpyrimidine for 
2-methyl-4-amino-5-hydroxymethylpyrimidine; bromomethylpy- 
rimidine, methoxymethylpyrimidine, and aminomethylpyrimidine 
for the corresponding 5-bromomethyl, 5-methoxymethyl, and 
5-aminomethyl derivatives of 2-methyl-4-aminopyrimidine; thia- 
zole for 4-methyl-5-(6-hydroxyethyl)thiazole; and EDTA for 
ethylenediaminetetraacetic acid. 


dence almost simultaneously that the pyrophosphate ester of 
hydroxymethylpyrimidine (pyrimidine-PP), rather than pyrimi- 
dine-P, is the reactive intermediate, and also that this inter- 
mediate reacts with thiazole monophosphate (thiazole-P), rather 
than thiazole, to yield thiamine monophosphate (thiamine-P) as 
the product. These conclusions resulted from the observations 
of Nose et al. (5) and of Leder (6) that synthetic pyrimidine-PP 
and thiazole-P are converted enzymatically in the absence of 
ATP to a compound identified (6) as thiamine-P, and also from 
the observations of Camiener and Brown (7) who detected the 
presence of pyrimidine-PP and thiazole-P in enzymatic reaction 
mixtures and isolated pyrimidine-PP in small amounts. The 
two compounds were shown to be converted to thiamine-P in the 
absence of ATP by purified enzymes, whereas thiazole and 
hydroxymethylpyrimidine or pyrimidine-P were converted to 
thiamine-P only in the presence of ATP and the proper phos- 
phorylating enzymes. The present paper describes the experi- 
ments which led to the detection of phosphate esters of hydroxy- 
methylpyrimidine as intermediates and also the details of the 
isolation and identification of these compounds. The second 
paper in the series (8) describes the fractionation of the enzyme 
system and presents the evidence for the enzymatic conversion 
of pyrimidine-PP and thiazole-P to thiamine-P. 


MATERIALS AND METHODS 


Materials—Generous amounts of hydroxymethylpyrimidine, 
methoxymethylpyrimidine, bromomethylpyrimidine, and _thia- 
zole were kindly supplied by Merck and Company, Inc. Amino- 
methylpyrimidine was purchased from the California Corpora- 
tion for Biochemical Research, crystalline ATP from the Pabst 
Laboratories, and Dowex 1 from the Dow Chemical Company. 
Alkaline phosphatase purified from Escherichia coli was a gift 
from Drs. F. Rothman and C. Levinthal; acid prostatic phos- 
phatase was a gift from Dr. Gerhard Schmidt. 

Phosphate Determinations—Inorganic phosphate was deter- 
mined by the procedure of Lowry and Lopez (9). Total phos- 
phate (inorganic plus organic) was determined by the method of 
Koerner and Sinsheimer (10). 

Microbiological Assays—Thiamine was determined by micro- 
biological assay with Lactobacillus viridescens (ATCC No. 12706) 
according to the general directions recommended by Deibel et al. 
(11). The basal growth medium (11) used was modified to 
contain L-asparagine (2 g per liter) and the following vitamins 
in amounts per liter of medium: pantothenic acid, 1.0 mg; nico- 
tinamide, 1.0 mg; riboflavin, 1.0 mg; p-aminobenzoic acid, 2.0 
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mg; pyTidoxine, 4.0 mg; folic acid, 0.2 mg; and biotin, 0.02 mg. 
The thiamine-free yeast extract component of the medium was 
prepared according to the directions of Niven and Smiley (12). 
These modifications? resulted in more reproducible results and 
also in more rapid growth of the organism so that assay tubes, 
when incubated at 37°, had to be read after a 5- to 8-hour incuba- 
tion period. Growth was estimated turbidimetrically in a Cole- 
man Junior spectrophotometer (660 my). Phosphorylated 
forms of thiamine are somewhat less active than thiamine in this 
assay, and the pyrimidine and thiazole moieties of the vitamin 
are completely inactive. 

The microorganism used for assay of the pyrimidine moiety of 
thiamine was a mutant (designated as ATh4) of Salmonella 
typhimurium, which was obtained from Dr. H. Ozeki of the 
Department of Genetics, Cold Spring Harbor, New York. This 
mutant is characterized by having a nutritional requirement for 
adenine plus either thiamine or the pyrimidine moiety of thia- 
mine. The pyrimidine moiety can be supplied as either hydroxy- 
methylpyrimidine or bromomethylpyrimidine, but neither amino- 
methylpyrimidine nor methoxymethylpyrimidine can be utilized. 
Assay tubes (18 X 150 mm) were prepared in the customary 
manner (13); those used for the standard curve were prepared to 
contain from 0 to 10-* umoles of thiamine per 10 ml of growth 
medium. One drop of a suspension of washed cells, adjusted so 
that it was only faintly turbid to the eye, was used to inoculate 
each assay tube. The tubes were incubated, without shaking, 
at 37° for 18 to 24 hours, and growth was estimated turbidi- 
metrically. The basal medium contained, per liter: K,HPO,, 
21 g; KH2POx, 9 g; sodium citrate-2H.O, 1.0 g; MgSO,, 0.1 g; 
ammonium sulfate, 2.0 g; mannitol, 20 g; thiamine-free yeast 
extract, 10 g; and the same vitamins that were used in the growth 
medium for L. viridescens. Stock cultures were carried on 
nutrient agar and were transferred weekly in order to maintain 
vigorous cultures. 

Paper Chromatographic and Bioautographic Methods—Paper 
chromatograms (Whatman No. 1 paper) were developed by the 
ascending technique. The solvents used will be indicated as the 
results are presented. Zones of migration of growth-promoting 
pyrimidine compounds were located by bioautography (14). 
For this purpose the developed chromatogram was placed in 
contact with the surface of solid medium (the S. typhimurium 
basal medium described above solidified with 2% agar and seeded 
with a culture of S. typhimurium mutant ATh4) contained as a 
5-mm layer in a sterile 22 X 30 cm Pyrex baking dish. After 
about 5 minutes, the chromatogram was removed and the plate 
was covered and incubated for 16 hours at 37°. The resulting 
growth zones corresponded to zones of migration of the pyrimi- 
dine compounds present on the original chromatogram. The 
inoculum used to seed the plates in these studies consisted of a 
suspension of washed cells taken from a 24-hour culture grown 
on a nutrient agar slant. One milliliter of this suspension (ab- 
sorbancy reading, about 0.10) was used to inoculate 200 ml of 
the sterile basal growth medium before preparation of the plate. 

Preparation of Cell-free Extracts—Extracts of bakers’ yeast 
were prepared according to the directions given in Paper II of 
this series (8). 

RESULTS 

Enzymatic Synthesis of Thiamine from Hydroxymethylpyrimi- 

dine and Thiazole—The data of Table I show that cell-free ex- 


2 The modifications described were worked out in collaboration 
with Mr. Gerald L. Carlson. 


G. W. Camiener and G. M. Brown 
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Substrate and cofactor requirements for thiamine synthesis 
by extracts of bakers’ yeast 

The complete reaction mixture contained hydroxymethyl- 
pyrimidine, 58 mumoles; thiazole, 38 mumoles; ATP, 10 umoles; 
MgCls, 10 umoles; and crude extract of bakers’ yeast, 0.1 ml, in a 
total volume of 1 ml of 0.1 m phosphate buffer, pH 6.9. Incuba- 
tion was for 3 hours at 37°. Reactions were stopped by heating 
at 100° (water bath) for about 5 minutes. In Experiment 2, a 
dialyzed enzyme preparation was used in place of the crude ex- 
tract. Boiled extract was prepared by heating the crude extract 
at 100° for 5 minutes, followed by centrifugation to remove de- 
natured protein. 








Thiamine equivalents 
synthesized* 
mumoles 
Experiment 1 
ENT 55 g-s:0in.n o's saerpe + gine a beeen ee hee 17.1 
eee ees no So een 0 
DN aos wie FFs earasnai aa ea 0 
Minus hydroxymethylpyrimidine............ 0 
Minus thiandle.| eS oO eee 0 
Experiment 2 
Completes O35. 2.0 SE a 14.0 
Minus Mgt '))) 30 ote eel ha 0 
Plus yeast extract (Basamin), 1.0 mg........ 13.4 
Plus yeast extract (Difco), 1.0 mg........... 12.9 
Plus boiled extract, 0.1 ml. ,.....6<ss0.000% 10.2 








* Although it is known that under the given conditions in this 
experiment, and in subsequent ones to be discussed, the products 
were thiamine-P and thiamine-PP as well as thiamine, the results 
nevertheless are expressed as thiamine equivalents because the 
data were obtained from a microbiological assay in which the 


growth response to thiamine was used to construct the standard 
curve. 


tracts of bakers’ yeast were able to convert hydroxymethy]l- 
pyrimidine and thiazole to thiamine only if both ATP and Mg*+ 
were added to the reaction mixture. Dialysis did not appreciably 
reduce the activity of the enzyme system, nor did the addition of 
possible sources of cofactors (commercial yeast extracts and 
“boiled juice”) have any effect on thiamine production by a 
dialyzed enzyme preparation (Experiment 2, Table I). 

Thiamine synthesis as a function of the concentrations of the 
various components of the reaction mixture is shown in Fig. 1. 
ATP and Mg** were required in amounts about 1000 times 
greater than the amounts of hydroxymethylpyrimidine and 
thiazole which were supplied. Also, the enzyme system could 
not be saturated with ATP and Mg** at the levels at which these 
two components were tested; i.e. thiamine synthesis was still in- 
creasing at the highest concentrations at which ATP and Mg*+ 
were tested. 

Use of Various Pyrimidine Compounds as Substrates for Thia- 
mine Synthesis—Other pyrimidines which differ from hydroxy- 
methylpyrimidine by containing specific chemical groups in 
place of the hydroxy group were tested as substrates in the en- 
zyme system. A comparison of the effectiveness of these com- 
pounds as substrates (see Table II) showed that bromomethy]- 
pyrimidine was as active as hydroxymethylpyrimidine and that 
aminomethyl- and methoxymethylpyrimidines were less than 
half as effective. 

It was considered likely that these pyrimidines were converted 
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MILLIMICROMOLES MICROMOLES 
COMPOUND ADDED PER ML REACTION MIXTURE 
Fig. 1. Thiamine synthesis as a function of the concentrations 
of hydroxymethylpyrimidine (A), thiazole (A), ATP (B), and 
Mg** (B). Reaction mixtures and incubation conditions were as 
described in Table I, Experiment I, except that the concentrations 
of the components were varied as indicated. 


TaBLe II 
Ability of various pyrimidine compounds to serve as 
enzymatic precursors of thiamine 
The reaction mixtures and incubation conditions were identical 
with those described in Table I except that the indicated pyrimi- 
dine was substituted for hydroxymethylpyrimidine as substrate. 











Pyrimidine used as substrate an +> a aaa 
myumoles 
Hydroxymethylpyrimidine.................... 21.6 
Bromomethylpyrimidine....................... 20.0 
Aminomethylpyrimidine....................... 7.6 
Methoxymethylpyrimidine.................... 8.4 





enzymatically to hydroxymethylpyrimidine before their utiliza- 
tion for thiamine synthesis. To test this hypothesis, the amino- 
methyl- and methoxymethylpyrimidines were incubated, in 
separate experiments, with the enzyme preparation in the absence 
of thiazole and ATP. The reaction mixtures were then analyzed 
for the appearance of hydroxymethylpyrimidine by bioautog- 
raphy. It was evident from the bioautogram obtained (Fig. 2) 
that aminomethylpyrimidine and methoxymethylpyrimidine had 
been converted enzymatically to hydroxymethylpyrimidine. It 
is presumed that hydroxymethylpyrimidine is formed from 
bromomethylpyrimidine in a similar manner; however, this 
could not be proven in the manner described above because 
bromomethylpyrimidine (unlike the aminomethy] and methoxy- 
methyl compounds) is active in replacing hydroxymethylpyrimi- 
dine as a growth factor for the S. typhimurium mutant. Also, 
the two compounds have identical Rr values on paper chroma- 
tograms. 

Whether or not the same enzyme is responsible for the con- 
version of all of these pyrimidines to hydroxymethylpyrimidine 
cannot be decided until enzyme fractionation and purification 
studies are undertaken. 

Enzymatic Formation of Phosphorylated Pyrimidine Inter- 
mediates—Efforts were made to provide evidence for the possible 
formation of phosphorylated forms of hydroxymethylpyrimidine 
and thiazole as intermediates in thiamine synthesis. For this 
purpose, the enzyme preparation was incubated with ATP and 
either hydroxymethylpyrimidine or thiazole for 1 hour. The 


missing component (either hydroxymethylpyrimidine or thia- 
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Fie. 2. A drawing of a chromatogram which illustrates the 
enzymatic conversion of aminomethyl- and methoxymethylpyrim- 
idines to hydroxymethylpyrimidine. Reaction mixtures con- 
tained 38 umoles of either aminomethylpyrimidine or methoxy- 
methylpyrimidine, 10 umoles of MgC12, and 0.1 ml of yeast extract 
in a total volume of 1.0 ml of phosphate buffer, pH 6.9. Incuba- 
tion was for 3 hours at 37°. Aliquots of 0.002 ml of the reaction 
mixtures along with reference compounds then were chromato- 
graphed with 2-propanol-NH,OH-water (255:3.9:45, volume per 
volume) as the solvent system. The zones of migration of the 
reference hydroxymethylpyrimidine and of the pyrimidine pro- 
duced in the reaction mixtures were determined by the bioauto- 
graphic technique and those of the reference aminomethyl- and 
methoxymethylpyrimidines by observing quenching zones under 
ultraviolet light. 


zole) then was added to the reaction mixture, and the rate of 
formation of thiamine was compared to the rate observed in a 
control reaction mixture to which all components were added at 
the same time. The data (Fig. 3) show definitely that the 
preliminary incubation of hydroxymethylpyrimidine with ATP 
and the enzyme preparation resulted in an increased rate of 
thiamine synthesis. No increase was noted in the reaction 
mixture which contained “preincubated” thiazole. These re- 
sults suggested that during the preliminary incubation there 
developed a phosphorylated form of hydroxymethylpyrimidine 
which served as a more direct precursor of thiamine. Although 
these experiments did not indicate the existence of a phos- 
phorylated thiazole intermediate, they likewise did not exclude 
such a possibility, since in experiments of this type one cannot 
expect to detect an intermediate unless its formation is a rate- 
limiting step in the reaction sequence. 

The formation of phosphorylated forms of hydroxymethyl- 
pyrimidine by the enzyme system was corroborated by paper 
chromatographic methods. A small aliquot of an incubated 
reaction mixture which initially contained hydroxymethylpyrimi- 
dine, ATP, Mg*+, and the enzyme preparation (see Table I for 
concentrations) was chromatographed according to the pro- 
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Fic. 3. Effect on the rate of thiamine synthesis of ‘‘preincuba- 
tion’? of hydroxymethylpyrimidine and thiazole with ATP and 
enzyme preparation. See the text for the procedure. The con- 
centrations of the components of reaction mixtures and the incu- 
bation conditions were as described in Table I. 


cedure given in Fig. 4. The zones of migration of possible 
phosphorylated pyrimidine compounds could not be detected 
directly by bioautographic methods because preliminary experi- 
ments had shown that these phosphorylated compounds could 
not be utilized by the S. typhimurium mutant. It was therefore 
necessary to treat the developed chromatograms in some way to 
liberate the free hydroxymethylpyrimidine before the prepara- 
tion of bioautograms. This was accomplished by spraying the 
chromatograms either with Nn HCl or with a phosphatase, pre- 
pared in the proper buffer, and incubating the wetted chroma- 
tograms for 1 hour at 37° in a container saturated with water 
vapor. After this treatment the chromatograms were dried and 
used to prepare bioautograms. For use in this procedure, 
alkaline phosphatase (which exhibits both phosphomonoesterase 
and pyrophosphatase activities) was prepared in 0.1 m Tris buffer 
(pH 8.5) to contain 2 wg per ml and prostate phosphatase (which 
is a phosphomonoesterase with only slight activity as a pyro- 
phosphatase) was prepared in 0.1 M acetate buffer (pH 5.6) to 
contain 10 units per ml. One unit of the latter phosphatase is 
defined as the amount of enzyme that liberates 0.1 mg of phos- 
phorus in 15 minutes at 37°. The results, shown in Fig. 4, 
indicate that two phosphorylated compounds were formed which 
were capable of being degraded to free hydroxymethylpyrimidine 
by alkaline phosphatase. The faster moving (in the solvent 
system used) of these phosphorylated compounds will be referred 
to, for the present, as pyrimidine derivative I and the slower 
moving compound will be referred to as pyrimidine derivative II. 
Treatment with prostate phosphatase liberated hydroxymethy]- 
pyrimidine only from pyrimidine derivative I. This suggested 
that this compound is a monophosphate ester of hydroxymethy]- 
pyrimidine, since prostate phosphatase is primarily a phospho- 
monoesterase. On the other hand, treatment with n HCl 
liberated hydroxymethyl pyrimidine only from pyrimidine deriva- 
tive II. This acid lability suggested that pyrimidine derivative 
II might be a pyrophosphate ester of hydroxymethylpyrimidine. 
That the compound liberated from both pyrimidine derivatives 
by treatment with the alkaline phosphatase was in fact hydroxy- 
methylpyrimidine was shown by the fact that this compound 
was detected on bioautograms which had been prepared from 


G. W. Camiener and G. M. Brown 


2407 





0.78F G 7 


0.53 


0.33, 


Re VALUE 


REACTION MIXTURE CHROMATOGRAPHED 


HYOROXYMETHYG AND TREATED WITH 
PYRIMIDINE 








PROSTATE 
PHOSPHATASE 


ALKALINE 


H 
PHOSPHATASE wiry 




















Fic. 4. A drawing of bioautograms which illustrates the mi- 
gration characteristics on paper chromatograms and the stability 
to phosphatases and HCl of phosphorylated forms of hydroxy- 
methylpyrimidine formed enzymatically. Small samples (0.002 
to 0.003 ml) of a reaction mixture (described in the text) were 
spotted on paper strips, and the chromatograms were developed 
with isobutyric acid-NH,OH-water (198:3:99, volume per vol- 
ume). The chromatograms were treated with either n HCl, 
alkaline phosphatase, or prostatic phosphatase (as shown in the 
figure and according to the directions given in the text) before 
the preparation of the bioautogram. 


phosphatase-treated reaction mixtures which, before treatment, 
had contained both of the pyrimidine derivatives. 


Isolation of Pyrimidine Derivatives I and II 


A 1 liter reaction mixture was prepared with 15 mmoles of 
ATP, 20 mmoles of MgCl, 0.5 mmole of hydroxymethylpyrimi- 
dine, and 900 ml (20 g of protein) of an extract of bakers’ yeast 
previously dialyzed for a total of 18 hours against 3 (6 hours each) 
successive 10-liter portions of 0.13 m potassium phosphate buffer 
(pH 7.0), which also contained, as protective agents, EDTA 
(0.02 m) and cysteine (0.02 m). The mixture was adjusted to 
pH 8.4 and incubated for 3.5 hours at 37°. After incubation, 
the reaction mixture (in 50- to 60-ml lots) was heated briefly at 
100°, and the coagulated protein was collected by centrifugation 
and discarded. Bioautograms prepared from aliquots of the 
clarified reaction mixture showed that the hydroxymethylpyrimi- 
dine substrate had been completely converted to pyrimidine 
derivatives I and II and that the two compounds were present 
in approximately equimolar quantities. The remainder of the 
reaction mixture was adjusted to pH 5.4, centrifuged to remove a 
small amount of insoluble material, and stored at 4° until it was 
passed through the charcoal column described next. 

Adsorption on and Elution from Charcoal—A glass column, 95 
mm (diameter) X 110 cm (length), was packed with 1200 g of a 
charcoal mixture consisting of equal parts (weight per weight) 
of Celite 545 and 325 mesh Norit. The packed column was 
degassed by passing 15 to 16 liters of cold, degassed, deionized 
water through it (flow rate, 10 to 20 ml per minute). The cold 
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Fie. 5. The elution of phosphorylated forms of hydroxymethyl- 
pyrimidine (pyrimidine derivative I and pyrimidine derivative IT) 
from the first Dowex 1-formate column. See the text for the 
preparation and operation of the column. The areas of elution of 
the phosphorylated pyrimidines are indicated by the diagnoal 
hatching. 


reaction mixture then was passed through the column (flow rate, 
10 ml per minute) and the column was washed successively with 
2 liters of cold, degassed water, 8 liters of 0.1 m EDTA solution, 
pH 7.0, and finally another 2 liters of water. A total of 26 liters 
(about 10 column volumes) of an aqueous ethanol solution (50 
volumes of 95% ethanol plus 50 volumes of water) were then 
passed through the column at a flow rate which varied from 5 to 
15 ml per minute; the first 8 liters of the ethanol eluate were 
collected in 500-ml fractions and the remaining 18 liters in 1- to 
4-liter fractions and the fractions were stored at 4°. The above 
procedure was suggested by the work of Pontis et al. (15), who 
used a similar one to purify certain nucleoside diphosphate 
sugars on charcoal columns. 

To test each eluate fraction for the presence of phosphorylated 
forms of hydroxymethylpyrimidine, 0.1-ml aliquots were heated 
(100°) to boil off the ethanol, then incubated at 37° for 2 hours 
with about 2 ug of alkaline phosphatase in 1.0 ml of 0.1 m Tris 
buffer (pH 8.5), and finally assayed for hydroxymethylpyrimidine 
content with the S. typhimurium mutant. All of the fractions, 
except the first 500-ml fraction, contained phosphorylated hy- 
droxymethylpyrimidine, although the final fractions which were 
collected contained only small amounts. Although the recovery 
of phosphorylated hydroxymethylpyrimidine from the column 
was only 30 to 40%, the step was nevertheless considered to be 
worthwhile since it served to eliminate large amounts of inorganic 
salts which were present in the reaction mixture and which would 
otherwise have interfered with subsequent purification on ion 
exchange columns. 

The ethanol eluates were concentrated under reduced pressure 
to 500 to 600 ml and stored at 4° until passage through the first 
Dowex column. 

First Dowex 1 Column—A 300-ml portion of Dowex 1-formate 
ion exchange resin was used to prepare a column 3.6 cm in diam- 
eter and 30 cm long. The column was washed with 1500 ml of 
88% formic acid followed by about 6 liters of distilled water 
until all of the formic acid had been washed from the resin. The 
ethanol-free effluent from the charcoal column was adjusted to 
pH 7.9 and passed through the column. After the column had 
been washed with 1 liter of distilled water, a linear concentration 
gradient elution was begun. The gradient was scaled to in- 
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crease at a rate of 0.1 M ammonium formate per 2 liters of eluting 
solution from an initia] concentration of 0 to a final concentra. 
tion of 0.6 M ammonium formate. One hundred fractions of 109 
to 110 ml each were collected (flow rate, 10 to 12 ml per minute), 

The absorbancy of each fraction was measured at 260 and 275 
my, and aliquots of each fraction were treated with alkaline 
phosphatase and assayed for hydroxymethylpyrimidine with the 
S. typhimurium mutant. Two peaks containing phosphorylated 
hydroxymethylpyrimidine were obtained. It was determined 
by the bioautographic methods described earlier that the major 
peak, shown in Fig. 5, contained about 480 umoles of pyrimidine 
derivative I and that the minor peak contained approximately 
30 wmoles of pyrimidine derivative II. It will be noted from 
Fig. 5 that most of the pyrimidine derivative I fractions were 
free from contaminating ultraviolet-absorbing material but that 
the pyrimidine derivative II fractions contained large amounts 
of these contaminants. It was decided to put the fractions con- 
taining the phosphorylated hydroxymethylpyrimidine through a 
second Dowex 1 column in an effort to rid these compounds of 
the contaminating substances. Accordingly, the fractions which 
contained most of the pyrimidine derivative I (37 to 43) and 
pyrimidine derivative II (52 to 59) were combined, adjusted to 
pH 7.0 with ammonium hydroxide, and concentrated under re- 
duced pressure to a volume of about 75 ml. This concentrate 
was then lyophilized, taken up in 15 ml of distilled water, and 
relyophilized for 2 days in order to remove the ammonium 
formate. The residue was dissolved in about 120 ml of water 
and adjusted to pH 7.9 before application to the second Dowex 
column. 

Second Dowex 1 Column—Dowex 1-formate resin, 100 ml, was 
used to prepare as described earlier a column 2.2 cm in diameter 
and 30cm long. After the ammonium formate-free eluates from 
the first Dowex column had been allowed to pass through the 
column, a linear concentration gradient elution, scaled to in- 
crease from 0 to 0.4 M ammonium formate at a rate of 0.1 m per 
4 liters of eluting solution, was applied to the column. Fractions 
were collected in 17- to 20-ml amounts at a flow rate of 10 to 12 
ml per minute. 

As before, each fraction was analyzed for phosphorylated 
hydroxymethylpyrimidine and for ultraviolet-absorbing material. 
The elution pattern from this column was similar to that shown 
in Fig. 5 for the first Dowex 1 column, except that the fractions 
containing the phosphorylated forms of hydroxymethylpyrimi- 
dine were found to be less contaminated with other ultraviolet- 
absorbing material by several fold. Pyrimidine derivative I was 
eluted by 0.05 to 0.07 mM ammonium formate and pyrimidine 
derivative II by 0.09 to 0.11 M ammonium formate. Both com- 
pounds were obtained in quantitative yields. Examination of 
the fractions containing pyrimidine derivative I in a Cary re- 
cording spectrophotometer indicated that this compound was 
free from contaminating ultraviolet-absorbing materials as 
judged by a comparison of its spectrum with that of authentic 
hydroxymethylpyrimidine. The presence of the phosphate 
group apparently does not noticeably alter the spectrum of the 
compound. Similar spectrophotometric analyses of the pyrimi- 
dine derivative II fractions showed that these fractions were still 
appreciably contaminated with ultraviolet-absorbing material. 
Only that portion of pyrimidine derivative II which was re- 
covered in the trailing edge of the pyrimidine derivative II peak 
was reasonably free from contaminating substances. 

Phosphate determinations revealed that the pyrimidine deriva- 


August | 


tive 1 fr 
hydroxy 
derivativ 
mole of | 
dine deri 
taining 1 
column. 
derivativ 
in unsuc 
tained fr 
Purifi 
Six gram 
into a co 
dine der 
and was 
47.5% e 
moles of 
fraction: 
the colu 
was the’ 
ml of ¢ 
The py! 
lected a 
40 to 5 
Purif 
Column 
column 
the con 
to pH 
column 
jonized 
were al 
0.005 » 
collecte 
about | 
determ 
eluted 


1.5 — 


fo) 
T 


ABSORBANCY 


o 
uo 
Ps 





Fic 
pyrin 
forms 
ative 
pyrin 
umole 





No. 8 


luting 
entra- 
of 100 
nute), 
id 275 
kaline 
th the 
ylated 
mined 
major 
nidine 
ately 

from 
; Were 
t that 
ounts 
S con- 
ugh a 
ids of 
which 
) and 
ed to 
er re- 
itrate 
', and 
ium 
water 
owex 


|, Was 
meter 
from 
h the 
O in- 
M per 
tions 
to 12 


lated 
erial, 
hown 
‘tions 
Trimi- 
iolet- 
I was 
\idine 
com- 
on of 
"y re- 
| was 
Is as 
entic 
phate 
f the 
Timi- 
e still 
erial. 
iS re- 
peak 


Tiva- 





August 1960 


tive I fractions contained 3 moles of phosphate per mole of 
hydroxymethylpyrimidine and also suggested that inorganic 
phosphate was present as a contaminant. The pyrimidine 
derivative II fractions contained 4 to 5 moles of phosphate per 
mole of hydroxymethylpyrimidine. In order to obtain pyrimi- 
dine derivative I free of inorganic phosphate, the fractions con- 
taining this compound were passed through another charcoal 
column. Owing to its lability on charcoal columns, pyrimidine 
derivative II could not be purified further in this manner and, 
in unsuccessful attempts to do so, much of this compound ob- 
tained from the Dowex column was lost. 

Purification of Pyrimidine Derivative I on Charcoal Column— 
Six grams of the charcoal mixture described earlier were packed 
into a column 25 mm in diameter. Before adsorption of pyrimi- 
dine derivative I, the column was degassed as described earlier 
and washed successively with 0.1 m EDTA (100 ml), 300 ml of 
47.5% ethanol, and 2 liters of deionized water. Eleven micro- 
moles of pyrimidine derivative I contained in 90 ml of the peak 
fractions from the second Dowex 1 column were passed through 
the column at a flow rate of 1.5 ml per minute. The column 
was then washed successively with 150 ml of 0.1 mM EDTA, 150 
ml of deionized water, and finally 300 ml of 47.5% ethanol. 
The pyrimidine derivative I-containing ethanol eluate was col- 
lected and concentrated under reduced pressure to a volume of 
40 to 50 ml. 

Purification of Pyrimidine Derivative I on Third Dowex 1 
Column—Dowex 1-formate resin, 5 ml, was used to prepare a 
column 0.9 cm in diameter and 8 cm long. A 20-ml portion of 
the concentrated eluate from the charcoal column was adjusted 
to pH 8.0 with ammonium hydroxide and passed through the 
column. The resin was then washed with 40 to 50 ml of de- 
ionized water. The following solutions of ammonium formate 
were allowed to pass successively through the column: 40 ml of 
0.005 m, 60 ml of 0.01 m, and 50 ml of 0.025 m. Fractions were 
collected in 10-ml volumes at a flow rate from the column of 
about 1 ml per minute. Spectrophotometric and microbiological 
determinations showed that pyrimidine derivative I had been 
eluted from the column by the 0.01 m ammonium formate. 
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Fic. 6. The ultraviolet absorption spectra of hydroxymethy]- 
pyrimidine and pyrimidine derivative I in 0.05 m ammonium 
formate at pH 4.0 (A) and pH 10.5 (B). The pyrimidine deriv- 
ative I solutions contained 46 umoles per ml. Hydroxymethyl- 
pyrimidine concentrations were 115 wmoles per ml (A) and 96 
xmoles per ml (B). 
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TaBLe III 
Phosphate content of pyrimidine derivative I 
Moles of 
Method of measurement of pyrimidine Pyrimidine | Phosphate | phosphate 
content content content per mole of 
pyrimidine 
mumoles per mi 
Spectrophotometric (245 my)... 48 42 0.88 
Spectrophotometric (260 my)... 43 42 0.98 
Microbiological assay.......... 46 42 0.91 
TABLE IV 


Use of phosphorylated pyrimidines as substrates for thiamine-P 
synthesis by purified enzyme fractions 

Reaction mixtures contained in 1 ml of 0.1 m phosphate buffer, 

pH 6.9, thiazole-P, 30 mymoles; ATP (when added), 10 umoles; 

MgCl2, 10 wzmoles; either pyrimidine derivative I or pyrimidine 

derivative II, 10 mumoles; and either Fraction 1, Fraction 2, or 

both, 0.4 ml each. The preparation and properties of these en- 








zyme fractions are described in Paper II of the series (8). Incuba- 
tion was for 3 hours at 37°. 

Substrates added Enzyme fraction Pla sel 

added =< 
mumoles 

Pyrimidine derivative II............... 2 6.8 
Pyrimidine derivative II................ 1 0 
Pyrmidine derivative I................. 2 0 
Pyrmidine derivative 1 + ATP......... 2 0 
Pyrimidine derivative I+ ATP......... 1 and 2 5.5 











Pyrimidine derivative I contained in these fractions was used to 
determine the properties of the compound. 

Properties of Pyrimidine Derivative I and Its Identification as 
Pyrimidine-P—Fig. 6 shows the similarity of the absorption 
spectra of isolated pyrimidine derivative I and hydroxymethy]l- 
pyrimidine in acid and alkaline solutions. Phosphate analyses 
revealed that pyrimidine derivative I contained 1 mole of phos- 
phate per mole of hydroxymethylpyrimidine (Table III). No 
inorganic phosphate could be detected in the pyrimidine deriva- 
tive I preparation. These data indicate that pyrimidine deriva- 
tive I is a monophosphate ester of hydroxymethylpyrimidine 
(pyrimidine-P). The stability of the compound to acid indicates 
that the phosphate group is not attached to the amino group of 
the hydroxymethylpyrimidine, but instead is esterified with the 
hydroxymethyl group. 

Properties of Pyrimidine Derivative II—Experiments designed 
to establish elution patterns from Dowex 1 columns revealed 
that pyrimidine derivative II is eluted (see Fig. 5 for conditions) 
immediately after AMP and immediately before ADP; ATP was 
eluted after ADP. Thus pyrimidine derivative II obtained from 
the second Dowex 1 column, although not spectrophotometrically 
pure, nevertheless was free from ATP and pyrimidine-P (estab- 
lished by bioautography) and was therefore suitable for use in 
enzyme experiments. The original yeast enzyme system was 
separated into two enzyme fractions, designated as Fraction 1 
and Fraction 2 (8). Fraction 2 was capable of forming thiamine- 
P directly from thiazole-P and pyrimidine derivative II, but not 
from pyrimidine-P (see Table IV). Pyrimidine-P could be used 
for thiamine-P synthesis only if Fraction 1 and ATP were also 
supplied (Table IV). Further investigations have shown that 
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Fraction 1 catalyzes the conversion of pyrimidine-P to pyrimi- 
dine derivative II (detected by bioautography) in the presence 
of ATP. Pyrimidine derivative II was destroyed quite readily 
by heating an aqueous solution at 180° for 20 to 30 minutes, or 
by treatment with 1 n HCl at room temperature. The products 
in both instances were free hydroxymethylpyrimidine and 
pyrimidine-P. These results suggest that pyrimidine derivative 
II is a pyrophosphate ester of hydroxymethylpyrimidine (pyrimi- 
dine-PP). Other observations which support this suggestion 
are: (a) the migration characteristics on paper chromatograms 
in several solvent systems which resemble those of cytidine di- 
phosphate, and (6) the elution pattern from Dowex 1-formate 
columns which also resembles that of cytidine diphosphate. 

The results described above also show that pyrimidine deriva- 
tive II (pyrimidine-PP) is the pyrimidine compound which is the 
immediate precursor of thiamine. 


DISCUSSION 


The data described in this paper clearly show that both pyrimi- 
dine-P and what has been identified tentatively as pyrimidine-PP 
are formed by incubating an enzyme preparation from yeast 
with hydroxymethylpyrimidine and ATP. The experiments 
also show that pyrimidine-PP is the “activated” pyrimidine 
compound used directly for the enzymatic synthesis of thiamine. 
It is likewise clear that pyrimidine-PP can be degraded, en- 
zymatically and chemically, to pyrimidine-P, and that pyrimi- 
dine-P can be converted enzymatically to pyrimidine-PP in the 
presence of ATP. The question arises as to whether pyrimidine- 
P is a necessary intermediate in the formation of pyrimidine-PP 
or whether pyrimidine-P is formed merely as a degradation 
product of pyrimidine-PP. In an effort to clarify this point, 
preliminary experiments were performed with ATP containing 
C-labeled adenine to determine whether ADP or AMP is the 
product of the formation of the phosphorylated pyrimidines. In 
the absence of interfering side reactions, this experiment could 
determine whether pyrimidine-PP is formed directly from hy- 
droxymethylpyrimidine or whether it arises via the intermediate 
formation of pyrimidine-P. However, the enzyme which was 
used (purified Fraction 1) was found to be so contaminated with 
phosphatases, and perhaps myokinase, that all of the adenosine- 
containing compounds (including adenosine itself) analyzed were 
equally radioactive. The elucidation of the exact mechanism of 
formation of pyrimidine-PP therefore must be postponed until 
the enzymes have been further purified. 


SUMMARY 


Cell-free extracts of bakers’ yeast catalyzed the conversion of 
2-methyl-4-amino-5-hydroxymethylpyrimidine (hydroxymethyl- 
pyrimidine) and 4-methyl-5-(6-hydroxyethyl)thiazole to thia- 
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mine compounds (either thiamine, thiamine monophosphate, or 
thiamine pyrophosphate) which are active in supporting the 
growth of Lactobacillus viridescens. Adenosine triphosphate and 
magnesium ions were also required in the system. 

Other pyrimidine compounds which contained bromomethyl, 
aminomethyl, or methoxymethy] groups in place of the hydroxy- 
methyl group could also be used by the enzyme system for the 
synthesis of thiamine. It was shown that these pyrimidines 
were converted enzymatically to hydroxymethylpyrimidine be- 
fore being used for thiamine synthesis. 

Evidence was presented for the enzymatic formation of 
phosphorylated derivative of hydroxymethylpyrimidine (formed 
in the presence of adenosine triphosphate) which serves as an 
intermediate in thiamine formation. Two phosphorylated 
derivatives of hydroxymethylpyrimidine were detected in en- 
zymatic reaction mixtures. Procedures for the isolation of these 
compounds were described. One derivative was identified by 
its stability characteristics, phosphate content, and ultraviolet 
absorption spectrum as the monophosphate ester of hydroxy- 
methylpyrimidine. The other derivative was identified tenta- 
tively as the pyrophosphate ester of hydroxymethylpyrimidine. 
The pyrophosphate ester was shown to be the intermediate active 
in thiamine formation. Whether the monophosphate ester is an 
intermediate in the formation of the pyrophosphate ester or 
whether it is merely a degradation product of the pyrophosphate 
compound cannot be decided from the available information. 
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In Paper I of this series (1) the enzymatic formation of phos- 
phate esters of 2-methyl-4-amino-5-hydroxymethylpyrimidine 
was demonstrated and evidence was presented that in bakers’ 
yeast pyrimidine-pyrophosphate is an intermediate in the bio- 
synthesis of thiamine. In the present paper, data are presented 
to show that pyrimidine-PP reacts with the monophosphate 
ester of 4-methyl-5-(8-hydroxyethyl)thiazole to yield thiamine- 
P as the initial thiamine compound which is formed enzymat- 
ically. Data are also presented which indicate that thiamine-P 
thus formed must first be dephosphorylated to thiamine before 
it can be converted enzymatically to thiamine-PP, the coenzyme 
form of thiamine. Details of the fractionation of the enzyme 
system responsible for the biosynthesis of thiamine and its phos- 
phate esters are also presented. 


EXPERIMENTAL PROCEDURE 


Materials—ATP was obtained from Pabst, Inc. Generous 
amounts of 2-methyl-4-amino-5-hydroxymethylpyrimidine and 
4-methyl-5-(8-hydroxyethyl)thiazole were kindly supplied by 
Merck and Company, Inc. DEAE-cellulose! was a commercial 
product obtained from Eastman Organic Chemicals. Alkaline 
phosphatase was a gift from Drs. F. Rothman and C. Levinthal. 
Pyrimidine-PP was produced enzymatically and freed from 
ATP and pyrimidine-P by the methods described in Paper I of 
this series (1). Thiamine-P was purchased from Nutritional 
Biochemicals Company; thiamine-PP was a product of Merck 
and Company, Inc. 

Treatment of DEAE-Cellulose Used for Chromatography—A 
suspension of 18 g of DEAE-cellulose in 500 ml of 0.1 m EDTA 
(adjusted to pH 10 with NaOH) was stirred for 20 minutes, 
filtered through glass wool, and the resin washed with 1500 ml 
of distilled water. The resin then was resuspended in 500 ml 
of NaOH, stirred for 15 minutes, and again filtered through glass 


* The work was supported by reasearch grant G4580 from the 
National Science Foundation. 

+A Karl T. Compton Fellow of the Nutrition Foundation, 
1956 to 1959. Present address, Department of Microbiology, The 
Upjohn Company, Kalamazoo, Michigan. 

1The abbreviations used are: hydroxymethylpyrimidine, py- 
rimidine-P, and pyrimidine-PP for 2-methyl-4-amino-5-hydroxy- 
methylpyrimidine and the mono- and pyrophosphate esters of 
this compound, respectively; thiazole and thiazole-P for 4-methy]- 
5-(8-hydroxyethyl)thiazole and its monophosphate ester, respec- 
tively; EDTA, ethylenediaminetetraacetic acid; DEAE-cellulose, 
N,N-diethylaminoethy] cellulose. 


wool. After it had been washed with water until the washings 
were pH 6 to 7, the resin was suspended in 500 ml of water and 
titrated to pH 7.0 with a saturated solution of NaH,PO,. The 
suspension was cooled to 4° and allowed to settle for 10 minutes. 
The supernatant containing the fine, slowly settling particles 
was decanted, the remaining slurry of DEAE-cellulose was sus- 
pended in 500 ml of cold (4°) buffer at pH 7.0 consisting of 
0.005 m phosphate (sodium salts) and 0.005 m EDTA, and the 
suspension was stored at 4° until it was used in chromatographic 
work, 

Preparation of Thiazole-P—Thiazole-P was prepared by 
cleaving thiamine-P with sulfite according to the directions 
given by Williams et al. (2) for the cleavage of thiamine. For 
this purpose, a solution of 1 mmole of thiamine-P and 2 mmoles 
of sodium bisulfite in 30 ml of water was adjusted to pH 5.2 and 
heated in a sealed container in a boiling water bath for 50 to 60 
minutes. The solution was cooled, adjusted to pH 7.4, and the 
thiazole-P separated from other components by passage of a 2- 
ml aliquot of the reaction mixture through a Dowex 1-formate 
column (0.9 cm in diameter and 9.0 cm long containing about 
6 ml of resin). After the adsorption step, the column was washed 
with 40 ml of water and eluted with ammonium formate solutions 
(pH 4.0) of gradually increasing concentrations. The eluate 
was collected in 10 ml amounts at a flow rate of 1.5 ml per minute. 
The sulfonic acid derivative of pyrimidine (the other product of 
cleavage of thiamine-P) was eluted with 0.015 m ammonium 
formate and thiazole-P with 0.075 m ammonium formate. 

The ultraviolet absorption spectrum of thiazole-P was identical 
with that of thiazole both in acid and in alkali. Phosphate 
determinations (3) revealed that the compound contained 1 
mole of phosphate per mole of thiazole. 

Protein Determinations—Protein was estimated by the spectro- 
photometric method of Warburg and Christian (4). 

Microbiological Assays—Thiamine was determined by micro- 
biological assay with Lactobacillus viridescens (ATCC No. 12706) 
according to the methods described previously (1, 5). Either 
thiamine-P or thiamine-PP is somewhat less active than thiamine 
as a growth factor for this organism. In the present work the 
products of enzymatic action vary from a mixture consisting of 
thiamine, thiamine-P, and thiamine-PP, formed by crude enzyme 
systems, to a single component (thiamine-P), produced by 
purified enzymes. Therefore, the results obtained by assays with 
L. viridescens will be expressed as “thiamine equivalents pro- 
duced” whether crude or purified enzymes were used. For 
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Fic. 1. Thiamine synthesis as a function of enzyme concentra- 
tion. Reaction mixtures contained 58 myumoles of hydroxy- 
methylpyrimidine, 38 mumoles of thiazole, 10 umoles of ATP, 10 
umoles of MgClo, and crude yeast extract as shown in a total 
volume of 1.0 ml of 0.1 m phosphate buffer at pH 6.9. Incubation 
was for 3 hours at 37°. The reactions were stopped by heating at 
100° (water bath) for 5 minutes. 


convenience, the term “thiamine” will be used often in the text 
although in most instances the products of enzyme action were 
known to be mainly phosphorylated forms of thiamine. 

L. viridescens was used as the test organism for the detection 
of thiamine and thiamine phosphates on bioautograms. The 
preparation of these bioautograms was according to the specific 
directions given in Paper I (1). 

The bioautographic detection of thiazole-P was accomplished 
with a thiazole-requiring mutant of Escherichia coli (designated 
as 26-43), kindly supplied by Dr. Bernard D. Davis. The 
growth medium used for £. coli, solidified by the addition of 
2% agar was that of Davis (6); the bioautograms were prepared 
according to the general directions given earlier (1,7). Inocula 
of the Z. coli mutant consisted of a cell suspension that transmit- 
ted about 70% of incident light measured in a Coleman Jr. 
spectrophotometer (660 my); 1 ml of this suspension was used 
to inoculate 200 ml of medium. The bioautographic plates 
were incubated for 16 hours at 37°. A well defined growth zone 
on a bioautogram could be obtained with approximately 0.1 
myumole of thiazole. 

Dialysis—Cellophane dialysis tubing was treated with EDTA 
before use in order to remove the heavy metals which are present 
in the tubing as contaminants and which inactivate the enzymes. 
For this purpose, tubing filled with water was allowed to soak in 
0.025 m EDTA, pH 7.0, for a few days. The tubing was then 
washed extensively with deionized water and stored in deionized 
water at 4° until used. 

Preparation of Cell-free Extracts of Bakers’ Yeast—Extracts of 
Anheuser Busch bakers’ yeast were prepared by a procedure (8), 
based on a method originally used by Meyerhof (9), in which the 
cells were broken by autolysis in the presence of toluene. The 
previous method (8) of enzyme extraction was modified, in that 
0.02 m phosphate buffer (pH 6.9), instead of water, was added 
to the autolysate. 
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RESULTS 


General Properties of Enzyme System 


Data presented in Paper I (1) illustrated the ability of extracts 
of bakers’ yeast to form thiamine from hydroxymethylpyrimidine 
and thiazole in the presence of ATP and Mg++. The system 
responsible for this synthesis, as represented by crude extracts, 
could be stored for as long as 3 months at —20° with no loss of 
enzymatic activity. However, repeated thawing and refreezing 
of the extracts resulted in gradual loss of activity. The enzyme 
system was stable at 4° for 24 hours or at 37° for 6 to 8 hours, 

Dialysis of the extract for 16 hours at 4° against 0.02 m phos. 
phate buffer, pH 6.9, resulted in no loss of enzymatic activity, 
However, dialysis against pH 6.9 phosphate buffer which algo 
contained 0.02 m cysteine resulted in an increase of activity of 
about 50%. This stimulatory effect was not observed when 
cysteine merely was added to the reaction mixtures or when the 
enzyme was allowed to stand with cysteine for a short time only, 
One explanation for these results is that the cysteine aided in the 
removal from the enzyme(s) of inhibiting heavy metals. This 
explanation is supported by the finding that the substitution of 
glycylglycine (an effective chelating agent) for phosphate as 
buffer in the reaction mixtures or the addition to the enzyme 
preparation of EDTA also resulted in an increase in enzyme 
activity. 

An investigation of thiamine production as a function of the 
pH of the reaction mixture showed that optimal synthesis re- 
sulted from pH 6.8 to about pH 9.0. Since thiamine synthesis 
in this system proceeds by the action of more than one enzyme, 
this pH optimum cannot be equated with that of a specific en- 
zyme, but instead applies only to the enzyme system. 

The results of Fig. 1 show thiamine synthesis as a function of 
enzyme concentration, i.e. the amount of crude extracts. The 
linearity of this relationship indicated the feasibility of fraction- 
ating and purifying the enzymes in the system without employing 
correction factors. 


Fractionation of Enzyme System 


Efforts to fractionate the thiamine-synthesizing enzyme system 
largely have been concerned with the separation of the enzymes 
of the system rather than directed toward the purification of one 
or more of the constituent enzymes. 

Ammonium Sulfate Step—The operations involving ammonium 
sulfate were carried out at 4° with solutions cooled to that tem- 
perature. A 24 ml portion of the crude yeast extract was sepa- 
rated into six fractions by treatment with a saturated solution of 
ammonium sulfate adjusted to pH 7.0 with ammonium hydroxide 
(Table I). Each resulting precipitate was dissolved in 0.02 m 
phosphate buffer (pH 7.0) and dialyzed overnight against the 
same buffer which also contained 0.02 m cysteine before assay for 
thiamine-synthesizing activity. The results in Table I show 
that most of the thiamine-synthesizing activity was found in the 
fractions which precipitated between 58 and 65% saturation. 
When the fractions were tested in various combinations no 
synergistic effects were observed; 7.e. the total activity was 
always a sum of the activities exhibited by the individual frac- 
tions. Although this procedure was ineffective in separating the 
enzymes of the thiamine-synthesizing system, it was worthwhile 
because about 50% of the enzyme activity was recovered in the 
purest fractions which contained only 12% of the initial protein. 
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The elimination of large amounts of inactive protein by this 
step permitted the fractionation on DEAE-cellulose columns to 
be more successful. 

After it was determined that the 58 to 65% ammonium sulfate 
fractions contained most of the thiamine-synthesizing activity, 
only the protein fractions were collected in subsequent large 
scale operations. These fractions were similar to the 58 to 65% 
fraction described in Table I, except that the purification 
achieved by the large scale operations was routinely about 3-fold 
instead of 4-fold. 

Fractionation on DEAE-Cellulose Columns—Fifty milliliters of 
a 58 to 65% ammonium sulfate fraction were dialyzed first for 
6 hours against 40 volumes of buffer (pH 7.0) consisting of 0.005 
u phosphate, 0.005 m EDTA, and 0.02 m cysteine, then for 12 
additional hours against 40 volumes of fresh buffer (same com- 
position as above), and finally for 12 hours against buffer (pH 7.0) 
consisting of 0.0044 m phosphate, 0.0044 m EDTA, and 0.0044 m 
cysteine. The resulting enzyme preparation (61 ml) was centri- 
fuged to remove a small amount of insoluble material. The 
extensive dialysis described above was necessary in order to 
insure successful fractionation on DEAE-cellulose. EDTA and 
cysteine were included in the dialysis medium to prevent large 
losses of enzyme activity. 

A DEAE-cellulose column was prepared by packing 18 g of a 
DEAE-cellulose slurry (see “Experimental’’) into a column 2.2 
em in diameter to a height of about 35 cm. The operations to 
be described were carried out at 4°. All solutions which were 
applied to the column were passed through at a flow rate of 2.5 
ml per minute. After the column had been washed with 500 ml 
of pH 7.0 buffer containing 0.005 m phosphate, 0.005 m EDTA, 
and 0.005 m cysteine, 44 ml (1.5 g of protein) of the dialyzed 
enzyme preparation were applied to the column followed by 200 
ml of the phosphate-EDTA-cysteine buffer described above. 
This solution and all subsequent ones which were passed through 
the column were collected in 10 ml fractions. A sodium chloride- 
cysteine logarithmic gradient elution was then begun. The 
mixing chamber initially contained 1000 ml of 0.005 m NaC! in 
pH 7.0 buffer (0.005 m each with respect to phosphate, EDTA 
and cysteine). The reservoir initially contained 1500 ml of 0.130 
m NaCl in pH 7.0 buffer (0.005 m phosphate, 0.005 m EDTA, and 
0.04 m cysteine). After the solution in the reservoir had been 
depleted, the column was washed finally with 100 ml of 0.12 m 


TaBLeE | 
Thiamine-synthesizing activities of ammonium sulfate 
fractions of yeast extract 


The reaction mixtures and incubation conditions were as de- 
scribed in Fig. 1. 


G. W. Camiener and G. M. Brown 











‘ Thiamine equivalents produced 
Enzyme preparation tested with (NHLSO ‘ 
Per ml extract | Per mg protein 
% mymoles 
Crude extract.......... 107 5.1 
Ammonium sulfate. .... 0-45 2.0 0.3 
Ammonium sulfate..... 45-54 7.5 1.4 
Ammonium sulfate..... 54-58 27 6.8 
Ammonium sulfate..... 58-62 76 21 
Ammonium sulfate..... 62-65 107 19 
Ammonium sulfate... .. 65-70 67 7.5 
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Fia. 2. The elution pattern of enzyme fractions separated on 
a DEAE-cellulose column. Curve 1 was obtained by adding 
aliquots of each fraction to reaction mixtures which also con- 
tained an excess of the enzyme or enzymes present in fractions 
120 to 180. Curve 2 was obtained by adding aliquots of each frac- 
tion to reaction mixtures which contained an excess of the enzyme 
or enzymes present in fractions 40 to 100. Curve $3 represents the 
distribution in individual fractions of the intact thiamine-syn- 
thesizing system. Reaction mixtures and incubation conditions 
were as described in Fig. 1. 


NaCl contained in the 0.005 m phosphate-cysteine-EDTA buffer 
described above. To each eluate fraction was added 0.2 ml of a 
1.0 m cysteine solution, pH 7.0, to prevent loss of enzymatic 
activity. 

When each fraction was tested for thiamine-synthesizing ac- 
tivity only fractions 120 to 180 were active and these contained 
only vanishingly small amounts of activity (see Curve 3, Fig. 2). 
However, certain combinations of various fractions resulted in 
the formation of large amounts of thiamine. These results, illus- 
trated quantitatively by the curves in Fig. 2, show that fractiona- 
tion on DEAE-cellulose effected the separation of the enzyme 
system into two fractions, both of which were required for thia- 
mine synthesis. Curve 1 in Fig. 2 also shows that a portion of 
the enzyme or enzymes was washed from the column by the 
0.005 m NaCl buffer mixture (fractions 14 to 27) before the begin- 
ning of the gradient elution. This may have been a result of 
an overloading of the column. For convenience, fractions 14 
through 120 will be referred to as collective Fraction 1 and frac- 
tions 124 through 185 as Fraction 2. 

The low concentrations of protein and the large amounts of 
EDTA and cysteine present in these fractions precluded the use 
of the conventional methods for protein determinations so that 
no accurate estimations of the amounts of protein present in the 
enzyme preparations could be made. 


Properties of Purified Enzyme Fractions 

The enzymatic activity present in Fraction 1 was destroyed 
by heating at 55° for 5 minutes. However, the enzymatic ac- 
tivity of Fraction 2 was stable to this treatment. Both Fractions 
1 and 2 were stable for long periods of time when stored at —20°. 
Both enzyme preparations were also stabilized by additions of 
cysteine. 

To determine the nature of the enzymes present in Fractions 
1 and 2, a study was made of the effect on the rate of thiamine 
synthesis produced by the preliminary incubation of each enzyme 
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TaBLe II 
Description of reaction mixtures in which substrates were incubated with ATP and enzyme Fractions 1 and 2 


Components of complete reaction mixtures were as described in Fig. 1. Fractions 1 and 2 were added as sources of enzymes in an 
amount of 0.2 ml each per reaction mixture. Preliminary incubations, when carried out, were allowed to proceed at 37° for 1 hour in 
the presence of ATP. The missing components of the complete reaction mixture were then added, the mixtures were incubated at 37°, 


and thiamine synthesis was followed as a function of time. 


The results are shown in Fig. 3. 














oo Substrates and enzymes of the preliminary incubations Missing components added after preliminary incubation 
1 None Complete reaction mixture 
2 Hydroxymethylpyrimidine + Fraction 2 Thiazole + Fraction 1 
3 Hydroxymethylpyrimidine + thiazole + Fraction 2 Fraction 1 
4 Hydroxymethylpyrimidine + Fraction 1 Thiazole + Fraction 2 
5 Hydroxymethylpyrimidine + thiazole + Fraction 1 Fraction 2 
6 Thiazole + Fraction 1 Hydroxymethylpyrimidine + Fraction 2 
7 Thiazole + Fraction 2 Hydroxymethylpyrimidine + Fraction 1 
8 (Hydroxymethylpyrimidine + Fraction 2)* (Thiazole + Fraction 1)* ‘*Preincubated’’ components 
9 (Hydroxymethylpyrimidine + Fraction 1)* (Thiazole + Fraction 2)* ‘‘Preincubated’’ components 





* Each pair of components within parentheses first was incubated separately and the two pairs then were combined for the second 


incubation. 
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Fic. 3. The rate of thiamine synthesis as a function of pre- 
liminary incubation of substrates with ATP and enzyme Fractions 
1 and 2. Curve A represents the control (reaction mixture 1, 
Table II). Reaction mixtures 2, 3, and 8 of Table II gave results 
which were identical with those of Curve A. Curve B was obtained 
from reaction mixtures 4 and 5 of Table II. Curve C resulted 
from incubation of reaction mixtures 6 and 7 of Table II. In- 
cubation of reaction mixture 9, Table II, yielded results repre- 
sented by Curve D. 





preparation with ATP and each substrate before the addition of 
the second enzyme fraction and the second substrate. <A de- 
scription of the various reaction mixtures used is given in Table 
II and the rates of thiamine synthesis are shown in Fig. 3. Be- 
cause the preliminary incubation of Fraction 1 with hydroxy- 
methylpyrimidine and ATP resulted in an increased rate of 
thiamine synthesis (Curve B, Fig. 3), whereas incubation of 
hydroxymethylpyrimidine with Fraction 2 did not (see Table II 
and Fig. 3), the enzyme which forms pyrimidine-PP from hy- 
droxymethylpyrimidine and ATP seems to be present in 
Fraction 1, but not in Fraction 2. This likelihood was proven 
by experiments which showed that Fraction 1, but not Fraction 2, 


TaBLeE III 
Requirement of thiazole-P as substrate for thiamine 
synthesis by enzyme Fraction 2 

The reaction mixtures contained: pyrimidine-PP, 5 mymoles; 
either thiazole-P or thiazole, 20 mumoles; ATP (when added), 10 
umoles; MgCle, 10 zmoles; and 0.4 ml of Fraction 2 in a total vol- 
ume of 1.3 ml of 0.08 m glycylglycine buffer, pH 7.4. Incubation 
was for 3 hours at 37°. 








Substrates added — a 
mumoles 
Thiazole 0 
Thiazole + ATP 3.2 
Thiazole-P 3.5 
Thiazole-P (omit Mg**) 0 








converted hydroxymethylpyrimidine and ATP to pyrimidine-PP. 
The formation of the pyrophosphate was followed by the bio- 
autographic techniques described in Paper I (1). 

Enzymatic Formation of Thiazole-P and Thiamine-PP—Of all 
the other preliminary incubation experiments tried (described in 
Table II), the only one which produced an increased rate of 
thiamine synthesis was that in which thiazole, which had been 
incubated with ATP and Fraction 2, and hydroxymethylpyrim- 
idine, which had been incubated with ATP and Fraction 1, were 
then incubated together. In this experiment, the rate of thia- 
mine synthesis was even greater than that achieved by the pre- 
liminary incubation of hydroxymethylpyrimidine and ATP with 
Fraction 1 (compare Curves B and D, Fig. 3). These results 
suggested that thiazole might be phosphorylated before its 
reaction with pyrimidine-PP and that the enzyme which might 
carry out this phosphorylation reaction is present in Fraction 2. 
Additional evidence which supported this conclusion was the 
finding that incubation of pyrimidine-PP with thiazole and Frac- 
tion 2 did not result in the formation of thiamine unless ATP was 
also included in the reaction mixture (Table III). Finally, 
incubation of thiazole with ATP, Mg*+, and Fraction 2 resulted 
in the formation of a new thiazole compound (Ry value of 0.66 
in Solvent A, Table IV) as detected on bioautograms with the 
thiazole-requiring EZ. coli mutant as the test organism. This 
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reaction was completely dependent on the presence of Mg*+ in 
the reaction mixture. The enzyme which carries out the reaction 
was not present in Fraction 1. The product of the reaction 
could be converted to thiazole by treatment of a reaction mixture 
with alkaline phosphatase (again as shown on bioautograms). 

Paper chromatography of samples of reaction mixtures re- 
vealed that the enzymatically formed phosphorylated thiazole 
compound and authentic thiazole monophosphate (thiazole-P) 
exhibited the same Ry values in four different solvent systems 
(Solvents A, B, C, and D in Table IV). Also, Fraction 2 was 
able to use synthetic thiazole-P and pyrimidine-PP as substrates 
for the formation of a compound with thiamine activity; ATP 
was not needed in this reaction (see Table III). These results 
demonstrated that the enzymatically formed compound was thia- 
zole-P. 

The foregoing experiments indicated that thiamine-P should 
be the product of the reaction between pyrimidine-PP and 
thiazole-P. That this was true was demonstrated by experi- 
ments in which the enzymatic product (present in a reaction 
mixture) and authentic thiamine-P gave the same Ry values on 
paper chromatograms developed with four different solvent sys- 
tems (Solvents A, B, C, and D, Table IV, also see Table IV for 
Ry values). The enzymatic formation of thiamine-P from thia- 
zole-P and pyrimidine-PP is completely dependent’ on the 
presence of Mg++ (Table III). 

Enzymatic Formation of Thiamine-PP—Thiamine compounds 
which were formed with various enzyme preparations are shown 
by the results summarized in Fig. 4. The only product formed 
from hydroxymethylpyrimidine, thiazole, and ATP in the pres- 
ence of both Fractions 1 and 2 was thiamine-P. However, when 
the crude extract was used as the source of enzymes, the reaction 
mixtures contained thiamine, thiamine-P and thiamine-PP. In- 
cubation of thiamine and ATP with Fraction 1 in the presence 
of Mg++ resulted in the formation of thiamine-PP. However, 
Fraction 2 did not catalyze this reaction. Also, thiamine-P was 
not converted to thiamine-PP by either Fraction 1 or Fraction 2. 
These results indicated the presence in Fraction 1 of an enzyme 
that converts thiamine, but not thiamine-P, to thiamine-PP. 
Since thiamine-P is the initial product formed enzymatically 
from the phosphorylated pyrimidine and thiazole moieties, a 
method must be available for the enzymatic conversion of thia- 


TaBLeE IV 
Rr values of thiamine and related compounds 

The chromatograms were developed by the ascending method. 
Zones of migration were determined by bioautographic tech- 
niques. Solvent systems were: A, isobutyric acid (198 ml), 
NH,OH (3 ml), and water (99 ml); B, n-propanol (210 ml), 1 m 
acetate buffer, pH 5.0 (30 ml), and water (60 ml); C, ethanol (210 
ml of 95%), and 90 ml of 0.1 mM ammonium acetate adjusted to pH 
7.5 with NH,OH; and D, 0.1 m phosphate buffer (Na salt) at pH 
6.8 (200 ml), n-propanol (4 ml), and 120 g of ammonium sulfate. 























Solvent system 
Compound 
A B Cc D 
eS eee eee 0.82 0.48 
Thiamine-P......... 0.70 0.20 0.17 0.65 
Thiamine-PP........ 0.48 0.13 
ee 0.86 0.83 0.85 0.29 
Beinsole-P . ...i 5:64 0.66 0.36 0.36 0.42 


G. W. Camiener and G. M. Brown 
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Fic. 4. A drawing of a bioautogram which illustrates the 
nature of products formed by the thiamine-synthesizing system 
as represented by a crude extract and by purified enzyme fractions. 
Reaction Mizture A contained: hydroxymethylpyrimidine, 58 
mymoles; thiazole, 38 mumoles; ATP, 10 umoles; MgCle, 10 umoles; 
and 0.1 ml of crude extract in a total volume of 1.0 ml of 0.1 m 
phosphate buffer, pH 7.0. Reaction Mizture B contained the same 
components except that enzyme Fractions 1 and 2 (0.4 ml of each) 
were used as a source of enzymes. Reaction Mizture C contained 
thiamine (46 mumoles), ATP (10 umoles), MgCl: (10 wmoles), and 
Fraction 1 (0.4 ml) in a total volume of 1.2 ml of 0.1 m glycylglycine 
buffer, pH 7.4. In all cases incubation was for 3 hours at 37°. 
Approximately 0.002 ml of each reaction mixture was spotted on 
paper (Whatman No.1). The reference compounds were spotted 
in approximately 0.1 mumole amounts. The chromatogram was 
developed by the ascending technique with the use of Solvent A, 
Table IV. Bioautograms were prepared with Lactobacillus viri- 
descens as the test organism. 


mine-P to thiamine so that thiamine-PP, the coenzyme form of 
the vitamin, can be formed. The presence in crude extracts of a 
phosphatase which degrades thiamine-P to thiamine is indicated 
by the results in Fig. 4 which show that crude extracts were able 
to form thiamine-PP from hydroxymethylpyrimidine and thia- 
zole. The fractionation procedures used to obtain Fractions 1 
and 2 either eliminated or destroyed this phosphatase since 
neither of these enzyme preparations nor both in combination are 
able to form thiamine-PP from thiamine-P or to degrade thia- 
mine-P to thiamine. 

The foregoing results indicate that thiamine-P and thiamine, 
in the order mentioned, are both intermediates in the biosynthesis 
of thiamine-PP from the pyrimidine and thiazole moieties of the 
vitamin. Moreover, the reaction of thiazole-P with pyrimidine- 
PP appears to be the only method by which thiamine-P is formed 
in the purified enzyme system since further investigations have 
revealed that neither Fraction 1 nor Fraction 2 is able to catalyze 
the formation of thiamine-P from thiamine and ATP. 
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Fic. 5. Reactions and intermediates concerned in the bio- 
synthesis of thiamine and thiamine-PP. The broken arrow 
designating the pyrimidine kinase reaction reflects the uncertainty 
of the mechanism of the reaction as discussed in Paper I (1). 


TABLE V 


Distribution in purified enzyme Fractions 1 and 2 of enzymes 
required for synthesis of thiamine and thiamine-PP 














Enzyme Fraction 1* Fraction 2* 
Vig) a re ~ —t 
PINON MMIIIIO obo 55 cc icle ccc cores _ + 
Thiamine-P synthase................. — + 
Thiamine-P phosphatase.............. _ _ 
Thiamine pyrophosphokinase......... _ _ 





* A plus sign denotes the presence and a minus sign the absence 
of the enzyme in the fraction shown. 

{ Fraction 2 contained a trace of pyrimidine kinase which could 
be destroyed by heating the preparation at 55° for 5 minutes. 


DISCUSSION 


The reactions and intermediates which have been found to be 
implicated in the biosynthesis of thiamine and its phosphate 
esters are shown in Fig. 5. All of the enzymatic reactions which 
have been studied exhibit absolute requirements for Mgtt+. No 
investigations have as yet been carried out to test the abilities 
of other divalent ions to replace magnesium. The enzyme which 
degrades thiamine-P to thiamine has not yet been studied, and 
nothing can be said about any possible cofactor requirements or 
about the substrate specificity characteristics of this enzyme. 

For convenience, the enzymes will be referred to by the names 
shown in Fig. 5. Although the enzyme responsible for the forma- 
tion of thiamine-PP from thiamine and ATP has been referred 
to previously as “thiaminokinase” (10), thiamine pyrophospho- 
kinase probably is a better name since it implies the transfer of 
a pyrophosphate group. From the distribution of the enzymes 
in the partially purified Fractions 1 and 2 (Table V), it appears 
that the separation of thiamine-synthesizing activity into the 
two fractions was achieved on the basis of the separation of 
pyrimidine kinase from thiazole kinase and thiamine-P synthase. 
Additional studies not described in the “Results” section of this 
publication have yielded preliminary information regarding the 
specificity characteristics of certain of the enzymes in the system. 
Thiazole kinase, for example, will not convert thiamine to thia- 
mine-P. Also, the enzyme which forms thiamine-PP from thia- 
mine and ATP is different from the one which is responsible for 
the formation of pyrimidine-PP. This conclusion was based on 
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determinations which revealed that the individual enzyme frac- 
tions within the collective Fraction 1 possess different ratios of 
activities for the synthesis of the two products, a fact which 
indicates that two different enzymes are involved. 

Other examples of pyrophosphate esters which are active inter- 
mediates in biosynthetic reactions are 5-phosphoribosyl-1-pyro- 
phosphate, and isopentenyl pyrophosphate. The former com- 
pound is the intermediate used for the formation of the carbon 
to nitrogen bond by which ribose-5-P is attached to purines, 
purine precursors, pyrimidines (see Buchanan and Hartman (11) 
and Reichard (12) for a discussion of these reactions), and to 
nicotinic acid (13). Isopentenyl pyrophosphate is the interme- 
diate which is used for the formation of carbon-to-carbon bonds 
in the formation of farnosyl pyrophosphate (14). In both of 
these cases, as well as in the work reported here, the 
orthophosphate esters will not serve as active intermediates. 

The data of the present communication, which show that the 
initial thiamine compound produced in the biosynthesis of the 
vitamin is thiamine-P, and that this product is formed by the 
enzymatic reaction of pyrimidine-PP with thiazole-P, are entirely 
consistent with the results of Leder (15) and Nose e¢ al. (16), who 
have reported that synthetic pyrimidine-PP and thiazole-P can 
be converted to thiamine-P by yeast enzyme preparations. The 
present observations which demonstrate that thiamine-P cannot 
be converted directly to thiamine-PP agree with the work of 
Shimazono e¢ al. (10), who found that a purified preparation of 
thiamine pyrophosphokinase catalyzed the formation of thia- 
mine-PP by transferring a pyrophosphate group from ATP to 
thiamine. These workers also found that thiamine-P could not 
be used as substrate for their enzyme preparation, a fact which 
also agrees with the results of the present investigations. 

Whether or not the reactions shown in Fig. 5 are responsible 
for the biosynthesis of thiamine in organisms other than yeast 
remains to be determined. Resting cells of EH. coli KyC X are 
capable of forming thiamine from hydroxymethylpyrimidine and 
thiazole (unpublished experiments from this laboratory); how- 
ever, enzyme experiments have not yet been undertaken to 
investigate the mechanism. Harris (17) has concluded that two 
mechanisms operate in Neurospora, one that involves the for- 
mation of thiamine from hydroxymethylpyrimidine and thiazole, 
and a second which is visualized as a pathway involving the 
reaction of hydroxymethylpyrimidine with a thiazole precursor, 
and the subsequent conversion of this product to thiamine. 
Further work is needed to establish the relationship of these con- 
clusions to the results of the present work. 


SUMMARY 


1. The enzyme system present in cell-free extracts of bakers’ 
yeast, which is responsible for the enzymatic synthesis of thia- 
mine from 2-methyl-4-amino-5-hydroxymethylpyrimidine (hy- 
droxymethylpyrimidine) and 4-methyl-5-(8-hydroxyethy])thia- 
zole (thiazole) has been separated into two fractions by treatment 
with ammonium sulfate and chromatography on diethylamino- 
ethyl cellulose. Both enzyme fractions (referred to as Fraction 
1 and Fraction 2) were necessary for thiamine formation as 
measured by microbiological assay with Lactobacillus viridescens. 

2. Strong evidence was presented that the biosynthesis of 
thiamine and thiamine pyrophosphate proceeds by the following 
sequence of reactions: 


(a) Hydroxymethylpyrimidine + ATP — pyrimidine pyrophos- 
phate 
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(b) Thiazole + ATP — thiazole monophosphate 

(c) Pyrimidine pyrophosphate + thiazole monophosphate — 
thiamine monophosphate 

(d) Thiamine monophosphate — thiamine 

(e) Thiamine + ATP — thiamine pyrophosphate 


Enzyme steps a, b, c, and e (above) all required the presence of 
magnesium ions. 

3. Thiazole monophosphate, thiamine monophosphate, thia- 
mine, and thiamine pyrophosphate were all identified as products 
of enzyme actions by paper chromatographic and bioautographic 
methods. Enzyme Fraction 1 contained the enzymes necessary 
for the conversion of hydroxymethylpyrimidine to pyrimidine 
pyrophosphate and for the formation of thiamine pyrophosphate 
from thiamine. Fraction 2 contained the enzymes used to con- 
yert thiazole to thiazole monophosphate and to form thiamine 
monophosphate from pyrimidine pyrophosphate and thiazole 
monophosphate. The enzyme which degrades thiamine mono- 
phosphate to thiamine was present in the crude extract, but was 
not present in either Fraction 1 or Fraction 2. 
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The pathway of biosynthesis of chlorogenic acid, a major phe- 
nolic component present in a wide variety of plants, is, to a large 
extent, unknown. Its structure was fully elucidated in 1932 by 
Fischer and Dangshat (1), who showed that caffeic acid (3, 4-di- 
hydroxycinnamic acid) is esterified by its carboxyl group to the 
hydroxy] at position 3 of quinic acid. Other workers (2-4) have 
found that phenylalanine and trans-cinnamic acid, derived pre- 
sumably by way of the shikimic acid pathway of Davis (5), give 
rise to the caffeyl moiety of a number of compounds. Since 
previous work (6) had shown that potato tuber tissue offers an 
ideal material for biosynthetic studies of chlorogenic acid, an 
attempt was made to assess the role of phenylalanine and trans- 
cinnamic acid in this system. During this investigation two 
esters, in addition to chlorogenic acid, were found to accumulate 
in the tissue. These esters have been identified as cinnamy]l- 
quinic and p-coumaryl-quinic acids, and evidence is presented 
that they are direct precursors of chlorogenic acid. Although a 
number of quinic acid esters, including p-coumaryl-quinic acid, 
have been previously encountered in plants (7-10), this is the 
first time, insofar as we are aware, of the occurrence of a cin- 
namyl-quinic ester in nature. 


EXPERIMENTAL PROCEDURE 


Methods—Chlorogenic acid synthesis was studied by floating 
disks cut from plugs of Kennebec potato tubers in shallow solu- 
tions of various organic acids. The cultural conditions and the 
chlorogenic acid assay previously described (6) were used. 

Assay of Aromatic Acids—To a tube containing 0.5 ml of the 
solution of the ester, 0.5 ml of 10 N KOH was added. The mix- 
ture was shaken and the hydrolysis was allowed to proceed for 
15 minutes at room temperature. The hydrolysate was then 
acidified with 1 ml of 6 N HCl, and the aromatic moiety was ex- 
tracted by shaking the solution five times with equal volumes of 
ether saturated with 6 n HCl. The combined ether extracts 
were evaporated to dryness and the residue was dissolved in 10 
ml of 0.1 m phosphate buffer at pH 3.5. The optical density of 
the solution was measured at the appropriate absorption maxi- 
mum. 

Quinic Acid Assay—The compound 1,3,4,5,6-pentahydroxy- 
cyclohexanecarboxylic acid, upon oxidation with periodic acid 
and subsequent treatment with thiobarbituric acid, has been 
shown by Srinivasan and Sprinson (12) to give a pink color re- 


* This study was supported in part by funds from the National 
Science Founadtion. 

+.Present address, Department of Pharmacology, Tufts Uni- 
versity School of Medicine, Boston, Massachusetts. 


action. The absorption maximum of the solution is at 549 my, 
Quinic acid, which differs in structure only in lacking the hy- 
droxyl group at position 6, was found to give the same reaction, 
and an assay procedure modified slightly from that of Srinivasan 
and Sprinson was accordingly developed. To a conical centri- 
fuge tube containing 0.25 ml of a quinic acid solution (0.01 to 
0.08 umole), 0.25 ml of 0.025 n HIO, in 0.125 n H.SO, was added. 
The solution was shaken and the reaction allowed to continue 
for 20 minutes at room temperature. The excess periodate was 
then removed by the addition of 0.5 ml of a 2% solution of sodium 
arsenite in 0.5N HCl. The tube was shaken vigorously for a few 
seconds and, after 2 minutes, 2 ml of a 0.3% solution of 2-thio- 
barbituric acid were added. After being heated in a boiling 
water bath for 10 minutes, the tube was cooled in a water bath 
held at 40°. The colored product was transferred to an organic 
phase for measurement according to Waravdekar and Saslaw 
(13), by addition of 3 ml of a 1 to 1 mixture of isoamyl alcohol 
and 12% HCl. The tube was shaken vigorously for 20 seconds 
and centrifuged. The absorbancy of the organic layer was meas- 
ured at 549 my and was found to be a linear function of concen- 
tration in the range from 0.01 to 0.08 wmole of quinic acid (Fig. 
1). Shikimic acid gives no color at this range of concentration 
(13). 

A second less specific assay of quinic acid was used in some 
experiments. Periodate oxidation was accomplished as described 
above, and the aldehyde formed was measured by the method of 
Friedemann and Haugen (14). After removal of the excess per- 
iodate, 1 ml of a 0.1% solution of 2,4-dinitrophenylhydrazine 
in 2 n HCl was added. The stoppered tube was shaken and 
allowed to stand 10 minutes at room temperature, after which 
3 ml of 2.5 n KOH were added and the solution was shaken for 
a few seconds. After centrifugation the absorbancy was meas- 
ured at 470 my. Quinic acid can be determined by this method 
in the range from 0.1 to 0.5 umole. 

Preparation of Cell-free Extract—Potato tubers were peeled 
and 37 g of inner tissue were ground in 100 ml of chilled 0.1 u 
phosphate buffer (pH 7.3) in a blender. The suspension was 
filtered through three layers of cheesecloth and centrifuged for 
15 minutes at 20,000 x g at 0°. To each 100 ml of the clear 
pink supernatant solution, 50 g of ammonium sulfate were added. 
After 10 minutes in an ice bath, the mixture was centrifuged, 
and the protein precipitate was dissolved in 8 ml of 0.1 m phos- 
phate buffer at pH 7.3. 

Preparation of Pectinase—To each 500 mg of Pectinase (Nu- 
tritional Biochemical Corporation), 5 ml of 0.01 m phosphate 
buffer (pH 7.5) were added and the mixture was stirred for 2 


2418 





Augus 


ABSORBANCY (549 my) 


Fic. 
period 


hours 
brown 
chang 
Fra 
To 5 
20 g 
soluti 
tant s 
The | 
ing it 


Ne 
caffey 
alanil 
To de 
synth 
caffey 
shall 
that 
noun 
indic: 
tain 1 
tion 
cultu 
addit 
phen 
any § 
that 
medi 
stimi 
as 0. 
of p- 
of ct 
At t 
alani 
exte! 


9 my. 
e hy- 
ction, 
vasan 
entri- 
01 to 
dded. 
tinue 
2 was 
dium 
a few 
-thio- 
oiling 
bath 
ganic 
aslaw 
cohol 
conds 
meas- 
necen- 
(Fig. 
ration 


some 
ribed 
10d of 
S per- 
razine 
1 and 
which 
on for 
meas- 
ethod 


peeled 
0.1 mM 
n was 
ed for 
. clear 
\dded. 
fuged, 
phos- 


. (Nu- 
sphate 
for 2 

















' ' ' ' ' ' i] 
2.3 “ 
o 
< 
o a -_ 
> 
4 2 iad on 
4 
o 
c 
— “ 
w” 
@ 
a 
a | ad — 
i | l j i j l 
02 04 06 


py MOLES OF QUINIC ACID 


Fic. 1. Standard curve for determination of quinic acid by the 
periodate and thiobarbituric acid reagents. 


hours in an ice bath. It was then centrifuged at 0° and the 
brown supernatant solution was dialyzed for 16 hours against 3 
changes (2 liters each) of 0.001 m phosphate buffer (pH 7.5). 

Fractionation of Phenolic Esters by Lead Acetate Precipitation— 
To 5 ml of a concentrated alcoholic extract, representing about 
20 g of cultured potato tissue, were added 2 ml of a saturated 
solution of lead subacetate. After centrifugation, the superna- 
tant solution was freed from lead with an excess of sulfuric acid. 
The basic lead acetate precipitate was decomposed by suspend- 
ing it in 2 ml of ethanol containing 0.1 ml of 10 n H:SQ,. 


RESULTS 


Neish et al. (2, 15) proposed a pathway of synthesis for the 
caffeyl moiety of rutin and lignin precursors involving L-pheny!- 
alanine, phenylpyruvate, phenyllactate, and trans-cinnamic acid. 
To determine whether these organic acids can stimulate the net 
synthesis of chlorogenic acid by serving as precursors to its 
caffeyl moiety, potato tuber disks were floated for 48 hours in 
shallow solutions of each of these compounds. Table I shows 
that only L-phenylalanine and trans-cinnamic acid gave a pro- 
nounced stimulation of net synthesis. Previous work (6) had 
indicated that quinic acid was itself stimulatory. Thus, to ob- 
tain maximal stimulation the organic acids were used in conjunc- 
tion with the sodium salt of quinic acid. Here again, only the 
culture solutions containing phenylalanine or cinnamic acid in 
addition to quinic acid gave rise to marked stimulation. Neither 
phenylpyruvate nor phenyllactate alone or with quinic acid gave 
any stimulation. Although chromatographic evidence indicated 
that p-hydroxy cinnamic acid (p-coumaric acid), a logical inter- 
mediate in chlorogenic acid synthesis, entered the tissue, no 
stimulation was seen in these cultures at concentrations as high 
as 0.05 m, nor could any evidence be found for the hydroxylation 
of p-coumaric acid to caffeic acid. Under the present conditions 
of culture, caffeic acid was found to be toxic to the tissue (6). 
At the concentrations employed, culture solutions of pheny|- 
alanine stimulated the synthesis of chlorogenic acid to a greater 
extent than those of trans-cinnamic acid. However, when so- 
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dium quinate was added to the culture solution, cinnamic acid 
was as effective as phenylalanine even though it was present at 
a much smaller concentration. This suggests that the synthesis 
of some intermediate between cinnamic and chlorogenic acids is 
rate-limiting. Since p-coumaric acid did not serve as a precursor 
to chlorogenic acid, experiments were designed to find interme- 
diates between cinnamic acid and the caffeyl moiety of chloro- 
genic acid which might accumulate in the tuber tissue. 

The alcoholic extracts of both 0.05 m t-phenylalanine and 0.01 
M trans-cinnamate cultures were chromatographed in the butanol- 
acetic acid-water solvent. Examination of the dried chromato- 
grams under ultraviolet light revealed the presence of a number 
of bands not found in control cultures. One of these bands had 
an Ry of 0.67 and was quite prominent. When exposed to am- 
monia vapors, it changed from a dark violet quenching band to 
a deep blue fluorescent one. This type of response is character- 
istic of p-coumaric acid and coumaryl-containing compounds. 
The band, too slow moving to be the free acid, was subsequently 
shown to contain a coumary] ester. 

The accumulation of a coumary] ester, in addition to the caffeyl 
ester (chlorogenic acid) normally present, suggested that an ester 
of cinnamic acid might be accumulating as well. Accordingly, 
the section of the paper where such an ester might be found was 
examined carefully. At an Rp of 0.75, a faint quenching band 
could be seen in light predominantly of 2537 A, but which dis- 
appeared in light of 3660 A. No changeoccurred when the paper 
was exposed to ammonia vapors. These properties are asso- 
ciated with cinnamic acid and cinnamyl esters. Both esters 
were chromatographically purified as described below. 

Preparation of Esters—The cinnamy] and coumary] esters were 
prepared by culturing large thin potato sections, cut from peeled 
tubers, in a shallow solution of 0.005 m trans-cinnamic acid and 
0.05 m sodium quinate (pH 6.0), or 0.01 m sodium cinnamate and 
0.1 m glucose. After 48 hours, the sections were ground in a 
blender with 95% ethanol as the grinding medium. The alco- 
holic extract, separated by filtration, was concentrated to dryness 
by vacuum distillation. After washing the residue several times 











TaBLe I 
Stimulation of net synthesis of chlorogenic acid in disks of potato 
tuber 
Chlorogenic acid synthesized* 
Culture solution 
No additions SF. 
umole umoles 
Water control 0.15 0.68 
Sodium phenylpyruvate, 0.05 Mm | 0.10 0.48 
dl-Phenyllactic acid, 0.05 m 0.05 0.51 
pL-phenylalanine, 0.05 m 0.77 1.27 
Sodium cinnamate, 0.005 m 0.43 1.26 
Sodium p-coumarate, 0.01 m 0.14 0.58 











* Disks of tuber tissue, representing about 1.5 g fresh weight 
were cultured 48 hours at room temperature in the dark in 5 ml 
of the above solutions. Figures represent the average of dupli- 
cate determinations in several replicated experiments. Each 
sample of disks initially contained 0.15 wmole of chlorogenic acid. 
In the phenylalanine and cinnamic acid cultures containing quinic 
acid, stimulation of chlorogenic acid synthesis could be detected 
within 6 hours. Exposure of the water cultures to light also 
produced a large stimulation of synthesis. 
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with small amounts of ether, it was dissolved in a small] volume 
of 95% ethanol. This solution was streaked on water-washed 
chromatographic papers (Whatman 3 MM) and chromato- 
graphed overnight with n-butanol-acetic acid-water (4:1:5) as 
irrigating solvent. The presence of a number of bands with 
either absorbing or fluorescent properties was revealed by examin- 
ing the dried chromatograms under ultraviolet light. The bands 
with Ry values of 0.67 and 0.75 were cut out and the esters were 
eluted in boiling 60% ethanol. The eluates were concentrated 
to a small volume and rechromatographed overnight in an n- 
butanol-1.5 n NH,OH-0.8 m (NH4)2CO; (2:1:1) solvent system. 
The procedures for locating and eluting the esters were repeated 
and the separate eluates were chromatographed for 5 hours in 
5% acetic acid. The esters, free from any apparent impurity, 
were eluted from this final chromatogram, the solutions were 
concentrated to dryness under reduced pressure, and the residues 
were dissolved in water or 95% ethanol. Both esters were as- 
sayed spectrophotometrically in phosphate buffer (pH 3.5) at an 
absorption maximum of 280 my for the cinnamy] ester and 312 
my for the coumaryl compound. The molar extinction coeffi- 
cient for cinnamic acid (19,200) and that for p-coumaric acid 
(23,000), (11), were used as approximations of the coefficients of 
the esters. As a result, spectrophotometric estimates are prob- 
ably somewhat high. A kilogram of cultured potato tissue 
yielded 30 to 60 umoles of coumaryl ester and only trace amounts 


TaBLeE II 
Ry values of esters and their component moieties 














Solvent* 
Type of component Compound 
1 2 3 
Unhydrolyzed Chlorogenic acid 0.60 | unstable 0.61 
esters Coumary] ester 0.67 0.49 0.74 
Cinnamy] ester 0.75 0.67 0.90 
Ether-soluble Caffeic acid or moi- | 0.84 | unstable 0.39 
aromatic com- ety from chloro- 
ponent of hy- genic acid 
drolyzed esters | p-Coumaric acid | 0.89 0.27 0.47 
or moiety from 
coumary] ester 
trans-Cinnamic 0.90 0.44 0.60 
acid or moiety 
from cinnamyl 
ester 
Nonaromatic From chlorogenic | 0.40 0.56 
moiety acid (0. 28) (0.39) 
From coumary] 0.40 0.56 
ester (0. 28) (0.39) 
From cinnamyl . | 0.40 0.56 
ester (0. 28) (0.39) 
Quinic acid 0.40 | no migra- | 0.56 
tion 
Alkali-treated (0.28) (0.39) 
quinic acid 

















*Solvent 1, n-butanol-acetic acid-water, 4:1:5; Solvent 2, 
n-butanol-1.5 n NH,OH-0.8 m (NH,)2COs, 2:1:1; Solvent 3, 5% 
acetic acid. Chlorogenic acid was also chromatographed in re- 
distilled methyl isobutyl ketone-formic acid-water (3:1:2), Rr 
0.42 (24). The Ry values in parentheses were those of compounds 
found only under conditions specified in the text. 
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of the cinnamyl ester. Because of the small amount of materia] 
available and of the presence of contaminants extracted by etha- 
nol from the paper, attempts to crystallize these esters failed, 
The contaminants gave none of the reactions ascribed to the 
esters. A small absorbance in the ultraviolet was applied as a 
correction on the absorbancy of the esters. The preparation of 
a sample of the coumaryl ester with a constant specific activity, 


| 
| 
| 
| 


| 


in experiments with isotopes described below, indicated that, | 


except for this contaminating material, the coumaryl ester was 
85 to 90% pure after chromatography in 2 solvents. 

Table II gives the Rp values in different solvents of the com- 
pounds described. 

Identification of Esters—The coumaryl and cinnamyl com- 
pounds both gave positive ferric hydroxamate tests before hydrol- 
ysis (16). Alkaline hydrolysis of both compounds, under con- 
ditions which hydrolyzed chlorogenic acid, gave rise to two 
components, both acidic in nature. As with chlorogenic acid, one 
of these components was readily soluble in ether. The nonaro- 
matic nature of the other acid component was indicated by the 
fact that it could be transferred to ether only after prolonged 
liquid-liquid extraction. These facts suggest the presence of an 
ester linkage similar to that found in chlorogenic acid. The ether- 
soluble moieties were identified as follows: After alkaline hydrol- 
ysis of the supposed cinnamyl] and coumary] esters, the hydroly- 
sate was acidified and extracted with ether three times. The 
ether extracts were combined, evaporated to a small volume, and 
aliquots were chromatographed in 3 different solvents with trans- 
cinnamic acid, p-coumaric acid, and the unhydrolyzed esters as 
markers. In all cases, the ether-soluble component of the ester 
believed to contain cinnamic acid had the same Ry as a known 
sample of trans-cinnamic acid, and differed considerably in move- 
ment from the unhydrolyzed material. Cochromatography with 
trans-cinnamic acid in these solvents further substantiated the 
identity of the ether-soluble component of this ester as trans- 
cinnamic acid (see Table II for Ry values). 

Similarly, the ether-soluble component from the ester believed 
to contain p-coumaric acid had the same Ry as an authentic 
sample of this compound and gave a single spot on cochroma- 
tography. Here, too, the unhydrolyzed material differed con- 
siderably in mobility from its hydrolysis product. The aromatic 
moiety of this ester was thus provisionally identified as p-cou- 
maric acid (see Table II). 

In the cinnamy] ester, it is apparent that the ester linkage can 
occur only through the carboxyl group of cinnamic acid to some 
functional group on the nonaromatic moiety. In the coumaryl 
ester, on the other hand, the ester linkage may be either through 
the para hydroxyl or the carboxyl group of the p-coumaric acid. 
Spectral data indicate that the linkage is through the latter group. 
When measured at an acid pH (3.5) in phosphate buffer, the 
spectrum of p-coumaric acid is identical with that of the ether- 
soluble component of the coumaryl ester. Both have peaks at 
312 my and troughs at 250 my. Jurd (11) has shown that with 
free p-coumaric acid, spectral shifts to shorter wave lengths occur 
on neutralizing the acid solution. As can be seen in Fig. 2, this 
shift occurs with the ether-soluble component of the coumaryl 
ester. Jurd has further shown that when the carboxy] group is 


esterified, there is no difference in the spectra at acid or neutral - 


pH. As shown in Fig. 3, the absorption spectrum of the unhy- 
drolyzed coumary] ester does not shift in this pH range, indicat- 
ing that the carboxyl group of the coumaric acid moiety is esteri- 
fied. This is entirely analogous to chlorogenic acid which 





Augu: 


ABSORBANCY 


Fi¢ 
isolat 
meas' 


ARSORBANCY 


meas 


behs 
denc 
is es 


| ther 


imu 
if tk 
ioniz 
dica’ 
the 


tran. 
tion 


No.8 | August 1960 


aterial | 
y etha. | 
failed, | 
to the | 
od asa } 
tion of 
tivity, 
1 that, | 
er was 


ie com- 


1 com- 
hydrol- 
er con- 
to two 
‘id, one 
nonaro- 
by the 
longed 
e of an 
e ether- 
hydrol- 
ydroly- 
3. The 
ne, and 
h trans- 
sters as 
1e ester 
known 
1 Move- 
hy with 
ted the 
3 trans- 


relieved 
ithentic 
‘hroma- 
ed con- 
romatic 
: p-cou- 


age can 
to some 
yumary! 
through 
‘ic acid. 
r group. 
fer, the 
e ether- 
yeaks at 
at with 
hs occur 
. 2, this 
yumaryl 
group is 
neutral ° 
e unhy- 
indicat- 
is esteri- 
| which 








' ' ' ' ' ' LJ t 


ABSORBANCY 
wi. } 2) 2) 
! ' 


a 

















l l 
280 320 
WAVE LENGTH (my) 
Fic. 2. Absorption spectrum of the ether-soluble component 
isolated from the hydrolysate of the coumaryl ester: @——®@, 
measured at pH 3.5; and O——O, measured at pH 7.0. 
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Fic. 3. Absorption spectrum of the coumaryl] ester: @——®@, 
measured at pH 3.5 and 7.0; and @- - -@, measured at pH > 10. 
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behaves similarly under the same conditions. Additional evi- 
dence that it is not the hydroxyl group of the coumaric acid which 
is esterified comes from the fact that, under alkaline conditions, 
there is a pronounced bathochromic shift in the absorption max- 
imum of the ester to a longer wave length. This could not occur 
if the hydroxyl group were esterified and therefore unable to 
ionize. A free phenolic hydroxyl group in the ester is also in- 
dicated by a positive Folin phenol test (17). 

The absorption spectrum of the ether-soluble component of 
the cinnamyl ester was the same as that of a known sample of 
trans-cinnamic acid. The cinnamy] ester had a similar absorp- 
tion spectrum (see Fig. 4). 

Identification of Nonaromatic Moiety—Both esters were hy- 
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drolyzed with alkali and the aromatic moieties were removed by 
brief extraction with ether after acidification. To separate the 
nonaromatic moieties from the salts in the hydrolysate, the solu- 
tion was subjected to liquid-liquid extraction with ether for a 
24-hour period. The ether was evaporated and the samples were 
chromatographed in 3 solvents. Authentic quinic acid, quinic 
acid subjected to the treatment described above, and quinic acid 
derived from hydrolyzed chlorogenic acid were used as markers. 
Quinic acid was chosen to determine whether these esters are 
related to chlorogenic acid. The samples from both esters 
showed acidic spots which had the same Ry as authentic quinic 
acid (Table II). The substance in these spots when eluted gave 
a positive thiobarbituric acid test. In addition, a second acid 
spot with a slower Ry than that of quinic acid appeared in the 
samples from both esters, and from chlorogenic acid, as well as 
from alkali-treated quinic acid. Eluates of the material in these 
slower moving spots (including that from alkali-treated quinic 
acid) failed to give a positive thiobarbituric acid test. To avoid 
this complication, another means of hydrolyzing the esters was 
sought. Reid (4) had used a commercial esterase preparation to 
hydrolyze chlorogenic acid. An extract from a similar material 
(Pectinase) was found to hydrolyze both esters as well as chloro- 
genic acid at a neutral pH. The reaction mixture consisted of 
2.5 wmoles of ester in 0.5 ml of solution, 0.1 ml of enzyme, and 
0.4 ml of 0.1 m phosphate buffer at pH 7.0. After 2 hours at 
room temperature, the reaction mixture was acidified and ex- 
tracted several times with ether to remove the aromatic moiety. 
The remaining solution was concentrated and chromatographed 
in 2 different solvents with a sample of quinic acid and enzy- 
matically hydrolyzed chlorogenic acid as markers. A single acid 
spot appeared in samples from the cinnamy] and coumary] esters 
as well as in that from the hydrolyzed chlorogenic acid, and these 
corresponded in Ry to quinic acid. After oxidation with perio- 
date, the eluates gave a positive test with thiobarbituric acid. 
These findings indicate that the nonaromatic moiety of both 
esters is quinic acid. In view of this, the compounds are con- 
sidered to be cinnamyl-quinic acid and p-coumaryl-quinic acid. 
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TaBLeE III 
Stoichiometry of components of isolated esters 























Quaatity Quantity Quantity Ratio: 
Experiment Ester yt cratic | ead | aromatic 
Iyzed_ acid found found | t@ qunic 
pumoles pmoles pmoles 

ag Coumary] 2.1 1.6 1.8 0.89 
Cinnamy] 1.0 0.82 0.86 0.95 

IIt Coumaryl 1.0 0.89 0.90 0.99 
Cinnamyl 1.0 0.79 0.90 0.88 





* In Experiment I, the esters were hydrolyzed enzymatically 
and quinic acid was determined with the thiobarbituric acid 
reagent. 

t In Experiment II, the esters were isolated independently of 
those in Experiment I and were hydrolyzed with alkali. Quinic 
acid was assayed after oxidation by the method of Friedemann 
and Haugen (14). All values shown are the average of 2 deter- 
minations. 


Stoichiometry—To establish the ratio of quinic acid to the 
aromatic constituents of both esters, these compounds were hy- 
drolyzed both enzymatically and with alkali. In the former 
case, quinic acid was assayed by the periodate-thiobarbituric 
acid reaction and in the latter by an adaptation of the Friede- 
mann-Haugen procedure. Aromatic moieties were assayed spec- 
trophotometrically. The results in Table III clearly show that 
in both the cinnamy] and coumary] esters, quinic acid exists in 
a 1 to 1 ratio with its respective aromatic partner. 

In quinic acid there are 4 hydroxyl groups available for esteri- 
fication to the aromatic moiety. The 2 cis hydroxyls at positions 
4 and 5 can be excluded from consideration for the following 
reasons. Periodate oxidation of either unhydrolyzed ester under 
acid conditions for 20 minutes at room temperature yielded a 
product which formed an intensely colored 2,4-dinitrophenyl- 
hydrazone. An equimolar quantity of the aromatic moiety of 
the ester produced only a weakly colored product under the 
same conditions. Consequently, the formation of a 2,4-dinitro- 
phenylhydrazone indicates unesterified adjacent hydroxyl groups 
in the quinic acid moiety. The rapidity of the periodate oxida- 
tion further suggests that the hydroxyls are cis to each other. 
That this is the case is substantiated by a positive cupric acetate 
test for cis hydroxyls (18) in the coumaryl ester. The only 
remaining hydroxyls available for esterification are those at posi- 
tions 1 and 3. Evidence is presented below that the coumary] 
ester can be converted to chlorogenic acid in vitro and in vivo. 
Therefore, by analogy, it is probable that the ester linkage occurs 
at the hydroxyl in position 3 of quinic acid. 

On a number of occasions, the nonaromatic moiety of each 
ester failed to give a positive test with the thiobarbituric acid 
reagent even when the ester was hydrolyzed enzymatically. 
Chromatography showed that this nonreacting moiety had the 
same R, as the slower moving component of alkali-treated quinic 
acid, although no alkali had been used. This moiety gave posi- 
tive tests described above for adjacent cis hydroxyl groups. 
That it is cyclic in nature is deduced from the fact that it was 
converted to protocatechuic acid by fusion with KOH, a pro- 
cedure which converts quinic acid to this product as well (19). 
Protocatechuic acid was identified chromatographically with use 
of nitrous acid or of ferric chloride as spray reagents. More- 
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over, the cyclic compound differed from quinic acid in that it 
gave no test for an a hydroxy acid with ferric chloride (20). 
Indeed, the lack of an @ hydroxy group, as in shikimic acid, 
could explain the failure of this substance to give a pink color 
with thiobarbituric acid (12). Thus, the one significant differ- 
ence between this compound and quinic acid appears to be the 
absence of an a hydroxy group. A compound with a similar 
Ry has been obtained by other workers during the course of the 
isolation of quinic acid from chlorogenic acid (4) and from a 
coumaryl ester found in pineapples (21). 

Evidence that the quinic acid-like substance which lacks ana 
hydroxy group is an artifact of the chromatographic isolation of 
the cinnamyl and coumary!] esters was obtained as follows. If 
these esters originally contained quinic acid, there should be more 
esterified quinic acid in the original alcoholic extracts of the 
tissue before chromatography than can be accounted for by 
chlorogenic acid alone. With this in mind, the esters in the 
original alcoholic extract were transferred to ethyl acetate and 
the amount of esterified quinic acid was assayed by the thiobar- 
bituric acid procedure. Experiment I of Table IV shows that 
chlorogenic acid can account for only one-half of the esterified 
quinic acid present before chromatography. In a second ex- 
periment, chlorogenic acid was precipitated quantitatively from 
the extract by lead acetate. This procedure does not remove 
all the coumary] or cinnamy] esters from solution. Consequently 
2 fractions were obtained, one rich in chlorogenic acid and the 
other devoid of it, but rich in the coumary] and cinnamy] esters. 
As Table IV shows, there is a striking difference in the amount 
of esterified quinic acid present and the amount accounted for by 
the chlorogenic acid in the supernatant solution. Even in the 
lead acetate precipitate, the amount of esterified quinic acid is 
approximately twice that of the chlorogenic acid found. The 
fact that, upon chromatography of these fractions rich in esteri- 
fied quinic acid, an altered form of the acid has appeared at 
times suggests that this alteration is an artifact of the chromato- 
graphic procedure rather than that two types of each ester exist 
as such in the tissue. 

Conversion of Coumaryl Ester into Chlorogenic Acid—To dem- 


TaBLe IV 


Concentration of esterified quinic acid in alcoholic extracts of 
potato tissue* 








: Concentra-|Concentra- 
pont Preparation Type of ester present pha nt, 
genic acid |quinic acid 
pmole/ml | wmoles/ml 
I | Ethyl acetate ex- | Chlorogenic acid 0.45 0.80 
tract and coumary] es- 
ter 
II | Lead acetate pre- | Chlorogenic acid 0.41 1.0 
cipitate and coumary] es- 
ter 
Supernatant solu- | Coumaryl and cin- | 0.06 1.2 
tion namyl esters 

















* Potato tissue was cultured 48 hours in a solution of 0.01 m 
sodium cinnamate and 0.1 m glucose before extraction. No free 
quinic acid was found in any of the preparations. Esters other 
than chlorogenic acid present in each sample were detected chro- 
matographically. 
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TABLE V 
Conversion of p-coumaryl-quinic acid to chlorogenic acid in vivo 
Chloro- 
Experiment Culture medium genic acid 
formed 
pmole 
Water 0.38 
Coumaryl-quinic acid, 1.7 X 10-?m 0.70 
Sodium cinnamate and sodium quinate, both| 0.44 
1.7 X 10? Mu 
IIt Water 0.16 
Coumary], quinic acid, 3.4 X 10-?m + potas-| 0.27 
sium ascorbate, 0.025 m 
Potassium ascorbate, 0.025 m 0.10 





* In Experiment I, 20 disks, 12 mm in diameter and 1 mm thick 
were cultured in 2 ml of solution for 48 hours. Values listed are 
averages of duplicate 10 disk samples used for each assay. The 
initial concentration of chlorogenic acid per sample was 0.19 
pmole. 

+ Similar conditions were used in Experiment II except that 
culture was for 24 hours only. The initial concentration of 
chlorogenic acid was 0.22 umole per sample (about 1.5 g fresh 
weight). 


onstrate that the coumary] ester is, in fact, a direct precursor of 
chlorogenic acid, potato tissue was incubated with a solution of 
the ester for 48 hours in the dark. As shown in Table V, the 
coumaryl ester at 0.0017 m produced about twice as much chloro- 
genic acid as the water controls. At this same concentration, 
the combination of trans-cinnamic and quinic acids was virtually 
ineffective in raising the chlorogenic acid levels above that of 
the controls. At somewhat higher concentrations (0.0034 m), 
the stimulating properties of the coumary] ester is again evident 
(Experiment 2). At these concentrations, however, ascorbic acid 
itself played no apparent role in stimulating the synthesis of 
chlorogenic acid. 

Equally effective in demonstrating the conversion of the cou- 
maryl ester to chlorogenic acid was the use of cell-free extracts. 
In these experiments, the reaction mixture consisted of coumary] 
ester, ascorbic acid, cell-free extract, and Tris buffer (pH 8.3). 
Chlorogenic acid was identified chromatographically as a product 
of the reaction. Quantitative data given in Table VI show that 
in the complete system there was a 16% conversion of the cou- 
maryl ester to chlorogenic acid. If ascorbic acid were omitted, 
the chlorogenic acid formed was rapidly oxidized and polymerized 
to brown pigments. 

There is a distinct possibility that the enzyme involved in the 
hydroxylation of the coumary] ester is polyphenoloxidase. With 
use of the conversion of p-coumaric acid to caffeic acid as a model 
system, it was found that the activity of the cell-free extract 
was completely inhibited in the presence of either 10-* m pheny!- 
thiourea or 4-chlororesorcinol, both potent inhibitors of poly- 
phenoloxidase (22, 23). 

Attempts to stimulate chlorogenic acid synthesis with the cin- 
namyl ester in vivo have been unsuccessful because of the toxicity 
of the preparations available. 

Radioactive Substrates—The use of randomly labeled L-pheny!- 
alanine-C™ provides additional evidence that the coumary! ester 
is a direct precursor of chlorogenic acid. In one set of experi- 
ments, 10 potato disks were placed in a Petri dish containing 1 
ml of 0.05 m L-phenylalanine-C™ which had a specific activity of 
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12,600 c.p.m. perumole. After 48 hours in the dark, an alcoholic 
extract of the tissue containing both the coumaryl and chloro- 
genic esters was chromatographed in n-butanol-acetic acid-water 
(4:1:5), the esters were eluted and rechromatographed in 5% 
acetic acid. After elution from this second chromatogram, the 
total activities and concentration of both esters were determined, 
and the chlorogenic acid was chromatographed to constant spe- 
cific activity in the methyl isobutyl ketone solvent (24). In a 
similar manner, the coumaryl ester was chromatographed to 
constant specific activity in a solvent system consisting of n- 
butanol-1.5 n NH,OH-0.8 m (NH,)2COs; (2:1:1). 

The specific activities of both esters were essentially the same, 
and were equal to the specific activity of t-phenylalanine-C™ 
(Table VII). When the coumaryl ester was hydrolyzed, the 
activity was found entirely in the coumaric acid moiety; conse- 


TaBLe VI 
Enzymatic conversion of p-coumaryl-quinic to chlorogenic acid 





Chlorogenic 


Reaction mixture* acid formed |C°DVersion 





umole % 
Complete system 0.23 16 
Complete system (boiled enzyme) 0 
No coumaryl-quinic acid 0 











* Complete reaction mixture contained 20 wmoles of phosphate 
buffer at pH 8.3, 20 umoles of potassium ascorbate, 1.33 umoles of 
the coumary] ester, and 0.25 ml of enzyme in a total volume of 1.0 
ml. The mixture was incubated 3 hours at room temperature 
and the reaction was stopped by addition of alcohol. 


TaBie VII 


Incorporation of randomly labeled L-phenylalanine and glucose-C™4 
into phenolic esters 





Specific activity 
Experi- 
ment 





Culture medium* 


ee p-Coumaryl-quinic 
Chlorogenic acid pe 





c.p.m./pmole c.p.m./pmole 
I | 0.05 m u-Phenylala- | 12,600 13,800 (14, 200)t 
nine-C!4 
II | 0.05 m_ tu-Phenylala- 12,500 
nine-C!4 
0.05 m tu-Phenylala- | 9,700 8,200 
nine-C'4 + 0.005 m 
sodium cinnamate 
0.05 m ut-Phenylala- | 12,800 13, 200 
nine-C'* + 0.05 m 
sodium quinate 
0.05 m tu-Phenylala- | 2,800 3,800 


nine-C'* + 0.05 m 
sodium quinate + 
0.005 m sodium cin- 
namate 





III | 0.1 m Glucose-C' 








39, 700(11,900) tf 





* Specific activity of L-phanylalanine-C'* administered 12,600 
c.p.m. per wmole. Specific activity of glucose-C'* administered 
28,000 c.p.m. per pmole. 

+ Figures in parentheses give the specific activity of the aro- 
matic moiety isolated after hydrolysis of the ester. 
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quently the phenylalanine was incorporated into this moiety 
without dilution of activity. Although attempts were made to 
hydrolyze the labeled chlorogenic acid, the amounts of caffeic 
acid recovered were insufficient to allow accurate determination 
of its specific activity. In any case, Reid (4), working with 
tobacco leaves, has shown that in chlorogenic acid derived from 
labeled phenylalanine, all of the label is in the caffeic acid moiety. 

In another series of experiments, designed to test the precursor 
properties of cinnamic acid, potato tissue was incubated for 48 
hours in the dark with combinations of phenylalanine-C™ and the 
other substrates shown in Table VII. Despite the large differ- 
ences in the specific activities resulting from differences between 
culture conditions, the specific activity of the coumary] ester was 
equal to that of chlorogenic acid. In the cultures with phenyl- 
alanine alone and of phenylalanine with quinic acid, the specific 
activities of both esters remained unchanged from that of the 
original t-phenylalanine-C“. When trans-cinnamic acid was 
added to the phenylalanine culture solution, there was a notice- 
able drop in the specific activities of both esters. Most striking, 
however, is the dilution in specific activity caused by the addi- 
tion of trans-cinnamic acid to the phenylalanine-quinic acid cul- 
ture solution. 

In this system, quinic acid is known to stimulate chlorogenic 
acid formation markedly above that of the control cultures (6). 
When, however, quinic acid is added to randomly labeled t- 
phenylalanine-C™ solutions, no dilution in specific activities from 
phenylalanine cultures can be seen. Apparently, then, quinic 
acid is not on the pathway to caffeic acid. That quinic acid is 
actively synthesized by the tissue is shown from the results of 
experiments in which randomly labeled 0.1 m glucose-C" is in- 
cubated with potato tissue. Here the specific activity of the 
labeled chlorogenic acid on a molar basis is about one and one- 
half times that of the original glucose solution, but on a carbon 
basis, there is a 2-fold dilution in activity. Since caffeic acid has 
three carbons more than glucose, this moiety could account for 
all of the activity in the molecule. Upon hydrolysis of the ester, 
however, some 65% of the activity was found in the quinic acid 
moiety. 


DISCUSSION 


Based on isotopic studies of the formation of phenolic acids in 
salvia cuttings, McCalla and Neish (15) have proposed that by 
a series of hydroxylations, cinnamic acid (derived from phenyl- 
alanine) is converted through p-coumaric acid to caffeic acid. 
These authors suggested that, although p-coumaric and caffeic 
acids could be detected only as esters in the tissue, nevertheless 
the series of interconversions occur at the free acid level before 
esterification. The present data substantiate their findings that 
L-phenylalanine and trans-cinnamic acid play a key role in the 
biosynthesis of phenolic acids. In the potato tissue, as in salvia, 
neither free p-coumaric nor caffeic acids could be detected chro- 
matographically, but were found only as esters. In this connec- 
tion, the occurrence of a cinnamyl-quinic-acid ester, in addition 
to the p-coumary] and caffeyl-quinic esters, would suggest that 
the hydroxylations of these various acids in potato tissue occur 
not at the free acid level, but rather after the parent compound, 
cinnamic acid, is esterified. In fact, repeated experiments with 
free p-coumaric acid in concentrations as high as 0.05 m showed 
that this substance failed to stimulate the biosynthesis of chloro- 
genic acid. 

From a sequential point of view, the structural characteristics 
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of both the cinnamyl and the coumaryl esters possess all the 
properties that could be expected of intermediates one step re- 
moved from each other and from the final product. In addition, 
coumaryl-quinic acid at an extremely low concentration (1.7 x 
10-* m) stimulated chlorogenic acid synthesis above that of con- 
trol cultures. At this low concentration, no other compound or 
combination of compounds exerted such a stimulation. 

The isotope data also substantiate the role of these esters as 
intermediates in the biosynthesis of chlorogenic acid. Despite 
large differences in specific activities produced by variations in 
the composition of the culture solutions, the activities of both 
the coumary! and chlorogenic acid esters were always equal to 
each other. The ability of cinnamic acid to dilute the activity 
of both esters formed in the presence of labeled phenylalanine 
strongly suggests that cinnamic acid is a precursor used for their 
synthesis. On the other hand, the fact that quinic acid did not 
cause any dilution in specific activity indicates that it is not a 
precursor to the aromatic moieties. The substantial dilution in 
activity of both esters, upon addition of cinnamic acid to culture 
solutions containing labeled phenylalanine and quinic acid, is 
indeed what might be expected if a cinnamyl-quinic acid ester 
were involved in chlorogenic acid synthesis. That is, the pres- 
ence of preformed quinic acid should increase the rate of esterifi- 
cation of cinnamic acid, and consequently increase its utilization 
at the expense of L-phenylalanine-C™. An increased rate of for- 
mation of a cinnamyl-quinic acid ester could also explain the 
ability of quinic acid to stimulate chlorogenic acid formation even 
though it is not a precursor to the aromatic moiety. Thus, the 
dilution of activity in both esters, under the conditions described, 
is not only evidence that coumaryl-quinic acid is involved as an 
intermediate in chlorogenic acid synthesis, but is also good pre- 
sumptive evidence that cinnamyl-quinic acid plays a comparable 
role. 
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These findings suggest a scheme (Fig. 5) outlining the probable 
sequence of events leading to chlorogenic acid. 

In the present study, the administration of randomly labeled 
glucose-C™ resulted in the formation of a chlorogenic acid mole- 
cule with activity in both caffeic and quinic acids. Phenylala- 
nine and quinic acid are placed on divergent pathways from 
glucose because of the negative results obtained in the isotope 
dilution experiments, and because the administration of shikimic 
acid, a key intermediate in the conversion of quinic acid to 
phenylalanine in other systems (5), had no apparent effect on 
chlorogenic acid formation (6). 

The role of phenylpyruvate or phenyllactate in the conversions 
outlined in Fig. 5 cannot be defined as yet. The data do not 
offer any positive justification for placing them in the scheme. 
On the other hand, the negative results obtained in the relatively 
long term feeding experiments described above do not eliminate 
them conclusively as intermediates, for explanations such as the 
impermeability of the tissue, or instability in the culture solution 
can be offered for their failure to stimulate the synthesis of 
chlorogenic acid. 

With respect to the mechanism of hydroxylation of the esters, 
some evidence was presented that the coumaryl ester could be 
enzymatically converted to chlorogenic acid. Studies on the 
inhibition of the hydroxylation of p-coumaric acid to caffeic acid 
indicated that polyphenoloxidase was mediating this conversion 
in vitro. However, since p-coumaric acid is apparently not hy- 
droxylated to caffeic acid in vivo, other enzyme systems may be 
operative. This is certainly the case with the nonphenolic ester, 
cinnamyl-quinic acid. At the present time little can be said 
about the general importance of esterification as a preliminary 
step to hydroxylation reactions in other tissues. Experiments 
with tobacco leaf disks have shown that both coumary] and cin- 
namyl esters do arise in response to administration of phenyl- 
alanine and trans-cinnamic acid. However, the nonaromatic 
moieties have not, as yet, been identified. 


SUMMARY 


1. t-Phenylalanine and trans-cinnamic acid stimulate the net 
synthesis of chlorogenic acid in disks of potato tuber. 

2. In response to treatment with L-phenylalanine or trans- 
cinnamic acid, two esters of quinic acid in addition to chlorogenic 
acid arise in potato tissue. These have been identified as cin- 
namyl-quinic and p-coumaryl-quinic acids. 

3. The conversion of the coumary] ester into chlorogenic acid 
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was demonstrated directly, both in vivo and in vitro. Data ob- 
tained with isotopes strongly support the role of the ester as well 
as cinnamyl-quinic acid in chlorogenic acid synthesis. 

4. A suggested pathway of chlorogenic acid formation from 
phenylalanine has been outlined and discussed. 


Acknowledgments—Appreciation is expressed to Dr. H. B. 
Vickery for his aid in preparation of this manuscript. 
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The other papers of this series (1-5)! present experimental 
evidence for possible relationships between the kinetics of oxygen, 
glucose, adenosine diphosphate, adenosine triphosphate, and 
phosphate and those of the cytochromes and pyridine nucleotides 
of the ascites tumor cell. From these general experiments we 
are able to formulate, under the law of mass action, a minimum 
hypothesis under which the four metabolic regulations previously 
described can be observed. In brief, the system can be repre- 
sented by the known enzyme systems, a relatively higher ADP 
affinity in respiration than in glycolysis, the mitochondrial mem- 
brane, a segregation of ATP into two compartments, and an 
ATP-utilizing system that is responsive to small decreases of 
the intracellular ADP level. The chemical equations for the 
pathway from glucose to oxygen are solved by a digital computer 
method (6) so that the responses of the chemical equations and 
of the living cell can be accurately compared. 

For reasons already described (7-9), we greatly prefer a com- 
puter representation based upon a physical or chemical law 
representing the action of the system to a model simulating the 
operation of the chemical system but not based upon funda- 
mental laws for the reactions involved; such a representation 
would not adequately represent the kinetics of the system, as in 
an electric circuit network or in some types of hydraulic ana- 
logues (8). 


METABOLIC SYSTEM 


Fig. 1 gives a block diagram of the four essential functions of 
the system which are represented by the equations and kinetic 
parameters of Fig. 2: 

1. The reactions leading to the phosphorylation of glucose, 
the expenditure of ATP from store 1, and the production of 
ADP and hexosediphosphate; 


2. The two reactions of glycolytic phosphorylation according 


* This research has been supported by a grant from the Office 
of Naval Research. 

t This paper is the fifth of a series. 

t Donner Foundation Fellow for Medical Research (awarded 
by the National Academy of Sciences-National Research Council), 
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York State Psychiatric Institute, New York 32, New York. 

§ Present address, Free University of Brussels, Belgium. 

{ Permanent address, Medical Clinic, University of Heidel- 
berg, Germany. 

1 B. Hess and B. Chance, in preparation. 


to the Embden-Meyerhof scheme, in which hexosediphosphate is 
utilized as substrate and ADP and P, are phosphorylated to 
ATP, which is then available to ATP store 12; 

3. The mitochondrial oxidative phosphorylation system which 
uses a lactate-pyruvate equilibrium as a substrate store. Pyru- 
vate oxidation involves the phosphorylation of ADP to ATP, 
which in this case is held directly in ATP store 2. The pyr- 
idine nucleotide of the mitochondria does not mix with the 
pyridine nucleotide associated with the glycolytic phosphoryl- 
ation; 

4. ATP utilization caused by synthesis, electron transport, 
and so forth. This system expends ATP from store 1 and pro- 
duces the ADP and P; which are available for functions 2 and 3, 
above. 

Although we have not attempted to represent all metabolic 
functions, the system has a certain degree of sophistication as 
indicated by the fact that the two principal oxidation-reduction 
equilibria of the cytoplasm are represented (lactate-pyruvate and 
a-glycerophosphate-dihydroxyacetone phosphate). These sys- 
tems operate at approximately the same oxidation-reduction 
levels as those observed in the intact cell. Some attention is 
paid to the stoichiometries of the system: (a) one hexose diphos- 
phate molecule gives both dihydroxyacetone phosphate and 
glyceraldehyde 3-phosphate; (b) the oxidation of pyruvate pro- 
duces four molecules of DPNH; (c) the oxidation of DPNH 
produces three high-energy phosphate bonds; (d) the glyceralde- 
hyde 3-phosphate dehydrogenase-DPN compound is included. 
On the other hand, certain aspects of the metabolism of the intact 
cell are omitted in the interest of maintaining the complexity of 
the system within reasonable bounds. For example, the enzyme 
concentration is not explicitly indicated in all reaction steps. 
Reversibility is not included in all cases where it is known to 
occur in the cell. Some synthetic pathways are omitted, those 
of minor consequence and those that render the system incom- 
plete. For example, the cytochrome b; system of the cytoplasm 
is omitted since the antimycin A sensitivity of the respiratory 
activity (2) shows that this system makes a negligible contribu- 
tion to the respiratory metabolism. A more serious omission is 
the pentose phosphate pathway which has a demonstrable activ- 


2? ATP store 1 corresponds to cytoplasmic ATP, that in store 2 
to mitochondrial ATP. The abbreviations cy and mw, respec- 
tively, are used in the tables to designate these and also the pyri- 
dine nucleotide components. 
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Fig. 1. Block diagram of the four functional components of the glucose-oxygen interaction system (MD-65). 


ity in these cells (10, 11). However, the lack of spectroscopic 
evidence for TPNH reduction on addition of glucose to the 
jodoacetate-inhibited cell leads us to believe that the fraction of 
metabolic activity passing through this pathway under our 
particular experimental conditions can safely be omitted in this 
preliminary study. The citric acid cycle is included only insofar 
as the DPN-reducing steps are indicated, since the steps in this 
cycle do not appear to be crucial in these metabolic regulations. 
The respiratory chain itself is abbreviated, since the electron 
transfer activity is controlled by the ADP level under these 
conditions and not by the velocity of the intercarrier reactions 
themselves (4). 

When referred to the living cell, the functions of oxidative 
phosphorylation are confined to the mitochondrial spaces, the 
other reactions having available to them the majority of the 
cytoplasm. Since these spaces are of unequal volume (the mito- 
chondrial space is estimated to be as little as 10% of the cyto- 
plasmic space), the transfer of a given number of micromoles of 
ATP from the cytoplasmic space to the mitochondrial space 
would represent an increase ‘in concentration on a molar basis of 
10-fold and vice versa. Although it is possible to include in the 
computer solution such concentration transformations for sub- 
stances that shuttle between the two spaces, we have solved the 
problem for the simplest case where it is assumed that the mito- 
chondrial and cytoplasmic volumes are identical. Such a change 
could readily be incorporated into the solution if desired. 

Since the equation-solving programs are capable of accepting 
a more complicated system of chemical equations than is used 
here, the other parts of the metabolic system can be incorporated 
as soon as the characteristics of the simplified system are here 
shown to be in accord with those metabolic responses exhibited 
by the intact cell. 

The time interval represented is short, being ~3 minutes of 
cell metabolism. Longer intervals could be represented, but 
some modification of the program would be desirable to avoid 
the use of an excessive amount of computer time; the solution of 
the equations takes from 2 to 3 times as long as the corresponding 
intracellular events. 


METHOD 


The complexity of the equations representing the pathway of 
glucose metabolism is too great for the available electronic 
analogue computer which has been used for a 7-component system 
in oxidative phosphorylation (12). We have, over the past 
several years, been developing a program for a digital computer 
(8, 9), particularly Univac I, which will at present accept up to 


49 chemical components, each of which may be variable through 
out the course of the chemical kinetics. These components may 
participate in one or more first, second, or third order, reversible 
or irreversible reactions. The application of the program to a 
simple enzyme system will be given in a subsequent communica- 
tion (13). 

As input, the computer accepts the chemical equations in 
which all chemicals are represented by three-letter “codes” (e.g., 
GLU = glucose; see Table I). The reaction equation is unidi- 
rectional: 


GLU + ENZ — ENG — GLU — ENZ 


The presence of the initial reactants on the right hand side of the 
equations of Fig. 2, preceded by a minus sign, indicates that they 
are expended. Reverse reactions must be considered as differ- 
ent reactions; e.g. the above reaction with the right and left 
hand sides interchanged. From these chemical equations the 
computer automatically formulates the appropriate differential 
equations according to the law of mass action. 

These differential equations are solved by the usual numerical 
integration techniques, but to obtain the solutions as rapidly as 
possible several additional features have been incorporated. 
Since Univac I cannot easily represent a quantity greater than 
1, all concentrations and rate constants are normalized to 
+0.999.... Thisis achieved by representing the concentration 
of each chemical as the ratio of the actual concentration to some 
fixed maximal concentration for each chemical. The maximal 
concentrations, together with the initial concentrations, stoichi- 
ometries, and rate constants, are given to the computer in the 
usual chemical units. The normalization and other initial con- 
versions are automatically carried out by the computer. Since 
the computer is limited to 12-digit numbers, it is necessary that 
the ratio of the flux of the fastest reaction step to the flux of the 
slowest reaction step not exceed 10° if 3-place accuracy is desired. 

The numerical integration technique can be represented by a 
Taylor expansion in the form: 


y(t + At) = y(t) + y’(@)At + « (1) 
where y represents the concentration of one of the chemicals, ¢ 
the time, At the increment in time, and ¢ the error. The error is 
given by the equation: 

1 1 
as <= of? 2 — off? 3 
‘ (2) 
+ higher order terms ~ 3 y'' (tat? 











Phosphorylation of 1. 


























0—3 X 10-3 





1X 10° 


Ceti METABOLISM 


3X 10° 





















































—_ oe C04 eg ees ENO - OD ~ BOE 
2. on se 19-1 ENG + i oe 1TP ix" ADP + GLP + ENZ — ENG — 1TP 
proMicomes ne RAMS, aye xX GPP + ETZ + ADP — ETG — 1TP 
TT Senn x GAP + DHA — GPP 
cae BeBe Sacre DUAR Ig bem Aor + DeN— Dk — 
peas AOE eganae nr cc A eee AP 
PiBionas! oamgt S 10 MOD Xi» MOB + DPH — GAP — MOD 
8 Os MOB+5% ig, PIA —~“> DGA + MOX — MOB ~ Pla 
NE ne Oe ee BEN... OD ~ MO @ DER 
ae ee o- Ip; ADP —~“"+1TP + PGA — DGA — ADP 
12. ° aps PGA+ ~ th ADP — “> 1TP + PYR — PGA — ADP 
cee: Pee gy 17’ DpH —~"". LAC + DPN — PYR — DPH 
14. Sa LAC + rh sd DPN —X> pyR + DPH — LAC — DPN 
Cannes * SI mae giom | + om re —en 













8 A opie 4 a ra SX", 3XSI + DIN — DIH — 3X-I — DIH 
Fokcegiedipe AMM totes i «Pla <> xSP — XSI — Pla 
18. oat -~ XSP + - oe ADP - —>~" orp + X-I — XSP — ADP 
Or: I aay per A+ x 
SOE AAR, mre eer ee Ss erm 
22. : x ge PPP Xx. ADP + PUE + Pla — PPP 














August 


where J 
tained f 
y(t + 4 
derivat 
tion. of 
throug 
a fixed 
the sol 
At has 
within | 
the size 
larger t 
This av 
time ar 
the sys 
only W 
At is ¢ 
greatel 
the otk 
the lin 
eral, t 
will b 
error, 
a.° 
same 
enzyn 
An 
satisf: 
kinet 
data 
comy 
prob! 
200 « 
tions 
Eacl 
oxyg 
of de 
cal ( 
cals 
chet 
gra] 
Che 
the 
sect 
ove 
giv 
the 
rea 
sce 
en 
gh 
Tl 
re 


















August 1960 


where primes indicate derivatives. The first derivative is ob- 
tained from the differential equations and allows a calculation of 
y(t + At); the second derivative is obtained from the two first 
derivatives at times At apart and allows an approximate calcula- 
tion of the error according to Equation 2. Since y” varies 
throughout the course of a solution, the usual approach involving 
a fixed choice of At either produces too large an error or makes 
the solution proceed too slowly for a given error. Consequently, 
At has been allowed to vary in order to obtain a rapid solution 
within some given error. The computer. automatically adjusts 
the size of At so that the estimated error (Equation 2) is never 
larger than some specified error (€,) and never smaller than U.1e,. 
This automatic error control produces a solution in an optimal 
time and provides a reasonable estimate of the accuracy. When 
the system is composed of many chemicals (y;), At is increased 
only when all the estimated errors (¢;) are less than 0.le, and 
At is decreased when any one of the estimated errors (¢;) is 
greater than e,. The specified error (€,) is inserted along with 
the other input data and can be given any value consistent with 
the limitation mentioned in the preceding paragraph. In gen- 
eral, the smaller e, is made, the smaller the average value of At 
will be. The solutions presented here are based upon a 1% 
error, which corresponds to the accuracy of the plotting of Fig. 
3. A solution carried out with 0.10% error gives essentially the 
same result. (The accuracy of the computer in solving a one- 
enzyme problem is given in the following communication (13).) 

An important technical problem has been the development of 
satisfactory routines for graphing the data on the chemical 
kinetics of the intermediates; the usual “print-out”’ of numerical 
data from Univac I for a 28-component system would present a 
complicated analysis problem. Therefore, after the solution of a 
problem, the total interval of computation is divided into 100 or 
200 equal parts and the computer finds and plots the concentra- 
tions corresponding to the nearest interval in the actual solution. 
Each chemical is now represented by a single letter (e.g. O = 
oxygen). The full scale of the graph (distance between the rows 
of dots) represents the maximal value for the particular chemi- 
cal (these values appear in Fig. 2 to the left and below the chemi- 
cals; e.g. glucose (GLU) has a maximum of 3 X 10° m). A 
chemical of zero concentration appears at the bottom of the 
graph (G in Graph 1 of Fig. 3 in the time interval 0-064). 
Chemicals that overlap in position are indicated at the top of 
the graph with the missing symbol first and the printed symbol 
second: e.g. #G in the interval 0-064 indicates that # and G 
overlap and # is not printed. The time scale of the graph is 
given by the numbers printed along the abscissa. However, 
these “computer time” units, for these conditions, are equal to 
real time in units of microseconds. For the conversion of this 
scale to seconds, see below. The time scale may be independ- 
ently calculated from the rate of a particular reaction such as 
glucose utilization in the steady state portion of the solution. 
The values of the concentrations involved in this reaction are 
read from the graphs of Fig. 3 and the rate of glucose utilization 
is calculated (see below). This permits a calculation of the scale 
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TaBLe I 
Symbol 
Chemical name 
Equations Graphs 
Glucose GLU |G 
Hexokinase ENZ 
Hexokinase-glucose intermediate ENG | E 
Adenosine triphosphate in store 1 (cy- | 1TP Cc 
toplasm) . 
Adenosine diphosphate ADP | # 
Glucose 6-phosphate GLP | L 
Phosphofructokinase ETZ 
Phosphofructokinase intermediate ETG |T 
Hexose diphosphate GPP | P 
Glyceraldehyde 3-phosphate GAP |A 
Dihydroxyacetone phosphate DHA | * (Graphs 3, 5) 
Extramitochondrial diphosphopyri- | DPN | N 
dine nucleotide 
Extramitochondrial reduced diphos- | DPH | H (Graph 5) 
phopyridine nucleotide 
Inorganic phosphate PIA $ (Graph 1) 
1,3-Diphosphoglycerate DGA | D 
3-Phosphoglycerate PGA |Q 
Pyruvate PYR |R 
Lactate LAC |S 
Intramitochondrial diphosphopyri- | DIN 
dine nucleotide 
Intramitochondrial reduced diphos- | DIH | H (Graphs 1, 4) 
phopyridine nucleotide 
Low energy intermediate in oxidative | X-I X (Graph 4) 
phosphorylation 
High energy intermediate in oxidative| XSI I 
phosphorylation 
Oxygen OXY | O 
Phosphorylated intermediate in oxi- | XSP | * (Graph 4) 
dative phosphorylation 
Adenosine triphosphate in store 2 (mi- | 2TP V 
tochondria) 
Dibromophenol DBP 
Enzyme concerned in ATP utilization} PUE 
Enzyme intermediate concerned in| PPP | % 
ATP utilization 
a-Glycerophosphate AGP_ | $ (Graphs 3, 5) 
Glyceraldehyde 3-phosphate dehydro- | MOD | M 
genase-DPN complex 
Acyl enzyme intermediate of glyceral- | MOB | B 
dehyde 3-phosphate dehydrogenase 
Glyceraldehyde 3-phosphate dehydro- | MOX | X (Graph 5) 
genase 











factor for the abscissa of the graph. For a more detailed dis- 
cussion, see the following communication (13). 

In general, the present program provides a powerful tool for 
the detailed investigation of a variety of chemical and physical 
systems, and enough flexibility is provided so that it is possible 
either to solve and graph the solutions of differential equations 





Fie, 2. Chemical equations representing the reactions of glu- 
cose and oxygen metabolism in irreversible form: separate equa- 
tions representing their reverse can be easily formulated. For 
abbreviations, see Table I. The initial concentration of each re- 
actant is written on the upper left, and the maximal concentra- 
tion used in plotting the computer solutions on the lower left. 
Where an initial concentration of zero is increased during the 
course of the reaction, the change is indicated, as in the case of 


glucose (GLU), by the symbol 0 ~1 X 10-*. The reaction veloc- 
ity constants, written above the arrows, are of such dimensions 
that the products of the concentrations and the constants give 
the fluxes in moles per liter per second. In each case the sym- 
bols for the reactants appear again on the right hand side of the 
equation, preceded by a minus sign, to indicate that they have 
been expended in the reactions (DC-9). 
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Fic. 3. Graphs 1 to §. Asolution of the reaction kinetics of the 
equations of Fig. 2 for the various components for three types of 
metabolism : (a) time units 0-064, metabolism of endogenous sub- 
strate; (b) time units 064-119, metabolism of added glucose, illus- 
trating the activated and inhibited phases of glucose and oxygen 
metabolism; (c) time units 119-153, relief of glucose and oxygen 
inhibition by the addition of an uncoupling agent. The maximal 
values for the concentration scale of each reactant plotted are 
given in Fig. 2. Since the velocity constants are inserted to give 
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not explicitly based on chemical equations or to consider chemical 
systems which do not obey the mass-action law and cannot be 
described in a small number of differential equations. 


REACTION RATES 


The four blocks of equations for the interaction of the glucose- 
oxygen pathways (Fig. 2) correspond to the four compartments 
of the block diagram of Fig. 1. These equations are intended to 
represent the basic experimental data available on oxygen and 
glucose metabolism in ascites tumor cell suspensions under con- 
ditions used in spectroscopic studies (5) where rates of oxygen 
utilization of ~1 ym O/ per second are observed. In the 
computer solution, where the units of concentration are moles 
per liter (m), it is convenient to set the fluxes at ~1 mM per 
second rather than 1 um per second; this is done by the use of 
reaction velocity constants in the computer solution that are 
10° times greater than in the cell suspension. For example, 
Equation 22, which sets the pace for respiration of endogenous 
substrate, has an initial rate of 2 m per second (10-* x 2 x 10). 


? Concentrations are given in micromoles per liter (um) or 
millimoles per liter (mm). 
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metabolic rates on the order of moles per liter per second, the num- 
bers along the bottom of the trace indicate usecond time intervals. 
As explained in the text, the abscissa can be read as seconds and 


the rates of utilization of the components as wmoles per liter per 
second (DC-11). 


Graph 1, survey of key intermediates-oxygen to glucose; Graph 
2, phosphorylations of glucose; Graph 8, glycolytic phosphoryla- 
tions of ADP; Graph 4, oxidative phosphorylation; Graph 6, glyc- 
eraldehyde 3-phosphate dehydrogenase intermediates. 


Other reactions are more rapid: for example, the steady state 
rate for glucose (GLU) utilization by hexokinase (ENZ) as repre- 
sented by the product of the initial concentration of glucose 
(3 X 10-* m), the steady state concentration of hexokinase (3 X 
10-* m) and the velocity constant (3 < 10°) is 29 m per second 
(Equation 1). This is also the steady state rate for the forma- 
tion of ADP in the phosphorylation of glucose. 

In order to compare the properties of the computer solution 
with those of a suspension of ascites tumor cells, the values of 
the reaction velocity constants are divided by 10° and the scale 
of the abscissa can be read as seconds, the whole solution of Fig. 
3 corresponding to 153 seconds of metabolism. The form of the 
solution is identical for smaller rate constants (cf. (13)). As 
pointed out below, the solution with the 153-second time scale 
corresponds closely to the action of 180 mg per ml wet weight of 
tumor cells at 26°. 

In ascites tumor cell suspensions, it is observed that glucose 
addition causes ADP to be produced more rapidly than it can be 
consumed by the oxidative phosphorylation system, i.e. ADP 
accumulates in the glucose-activated phase of respiration (5)'; 
this is represented by the computer solution in Graph 1 of Fig. 3. 
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However, ADP utilization by the respiratory chain must be 
sufficiently rapid that the ADP level is held down to a value at 
which the oxidative rather than the glycolytic phosphorylations 
are activated (7.e. that the Pasteur inhibition of aerobic glycoly- 
sis obtains). This requires that oxidative phosphorylation keep 
just a pace behind ADP production from glucose phosphoryla- 
tion. 

The rate of glycolytic phosphorylation must be sufficient to 
maintain the cytoplasmic ATP level when oxidative phosphoryla- 
tion is inactive, and substrates must be supplied from glucose at 
rates compatible with this requirement. These considerations 
largely set the values of the velocity constants for the system. 

Details of Chemical Equations—Equation 1 has already been 
discussed above. Equation 2 represents the combination of the 
enzyme-substrate compound (ENG) with the ATP available 
from store 1 (ITP, 5 K 10-* m), with a velocity constant of 1 
x 10° m-! xX sec to form ADP, free hexokinase (ENZ), and 
glucose 6-phosphate (GLP). The initial concentration of the 
enzyme substrate intermediate is zero. 

Equation 3 represents a phosphofructokinase (ETZ, 10-° m) 
that can react with glucose 6-phosphate (GLP) without the 
isomerase reaction. The initial concentration of the free enzyme 
is 10-° m and the second order velocity constant for the formation 
of the enzyme-substrate intermediate (ETG) is 4 x 10%. This 
intermediate reacts with ATP of store 1 (1TP), with a second 
order velocity constant of 4 x 10*°, to form hexose diphosphate 
(GPP) directly (Equation 4). The velocity constant for Equa- 
tion 4 is set rather fast to give what appears to be the appropriate 
ratio of hexose diphosphate to glucose 6-phosphate. 

From Equation 5 onwards, the mechanisms of the enzyme 
reactions are represented in simplified form. For example, 
Equation 5 itself represents the sum of the aldolase and isomerase 
reactions, since hexose diphosphate (GPP) is converted directly to 
glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone phos- 
phate (DHA) with a first order velocity constant of 1 x 10°; 
however, the enzymes and their intermediates have been omitted. 
Such a simplification appears to be adequate for a representation 
of these metabolic responses of the ascites cell. 

Similar simplifications occur in Equations 6 to 14. The a- 
glycerophosphate-dihydroxyacetone phosphate equilibrium is 
arranged so as to supply DPN for the glyceraldehyde 3-phosphate 
dehydrogenase and, in addition, to give the appropriate ratio of 
a-glycerophosphate-dihydroxyacetone phosphate observed in 
the living cell. The initial concentration of these two substances 
is zero, but 10-* m DPN and DPNH are supplied. 

In the representation of the glyceraldehyde 3-phosphate dehy- 
drogenase (MOX) reaction (Equations 8 to 10), the binding of 
DPN to the enzyme in rather high concentrations is indicated 
by MOD which, in reactions with the substrate glyceraldehyde 
3-phosphate (GAP), forms DPNH and the acyl enzyme interme- 
diate (MOB) (14). To illustrate phosphate control of metabo- 
lism under appropriate conditions, Equation 9 represents the 
reaction of the acyl enzyme with phosphate (PIA) to give 1 ,3- 
diphosphoglycerate (DGA) and the free enzyme. Equation 10 
then presents the recombination of the liberated enzyme with 
DPN. In this solution, however, the initial phosphate concen- 
tration is set at 4 X 10-* M; a lower value would, of course, be 
used to demonstrate phosphate control. ° 

Simplified reactions from 1,3-diphosphoglycerate (DGA) and 
3-phosphoglycerate (PGA) (Equations 11 and 12) with ADP to 
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form ATP of store 1 (1TP) result directly in pyruvate formation 
(Equation 12). Equations 13 and 14 represent the lactate-pyru- 
vate equilibrium and constitute a pyruvate store for respiratory 
activity. 

Oxidative phosphorylation (Equations 15 to 19) is also simpli- 

fied. The citric acid cycle (Equation 15) is represented as a 
single step in which 1 X 10-* m pyruvate (PYR) reacts with 
4 moles of intramitochondrial DPN (DIN) at an initial concentra- 
tion of 3 X 10-5 mand a velocity constant of 2 « 10’ m-! x sec" 
to give 4 moles of DPNH (DIH). It should be noted that DIN 
and DIH are the species of pyridine nucleotide confined to the 
mitochondrial spaces. Equation 16 represents the oxidation of 
intramitochondrial pyridine nucleotide (DIH) by oxygen (OXY, 
initial concentration, 5 X 10-4 m) with the conversion of 3 moles 
of a low energy intermediate, X-I (initial concentration, 2 x 
10-° m) to 3 moles of a high energy intermediate, XSI. The 
high energy intermediate is phosphorylated (Equation 17) and 
reacts with ADP (Equation 18) to produce ATP in store 2 (2TP) 
and the low energy intermediate (X-I) which recycles through 
the system. Equation 19 represents the uncoupling reaction in 
which the high energy intermediate reacts with dibromophenol 
(DBP) to produce the low energy intermediate, X-I. In this 
equation, DBP is not expended. 

The last functional block represents a simplification of ATP 
utilization by the cell which is, however, considered adequate for 
the purpose. In Equations 21 and 22, ATP available to store 
1 (1TP) reacts with a phosphate-utilizing enzyme (PUE), with 
a second-order velocity constant of 3 < 10°, to form an interme- 
diate (PPP) which decomposes in a first order reaction at a 
velocity constant of 2 x 10°. The flux through this system 
is set a 2 M/sec. 

Equation 20 represents a breakdown of ATP compartmenta- 
tion that is proposed as an explanation for the acceleration of 
respiratory activity and glucose utilization caused by the addi- 
tion of an uncoupling agent, such as dibromphenol, Dicoumarol 
(4), dinitrophenol (4), and so forth. In the simplified mech- 
anism represented here, dibromophenol serves only to transfer 
ATP from store 2 to store 1. This is a minimum hypothesis for 
the action of an uncoupling agent, but one that appears adequate 
to represent the presently available experimental data. The 
transfer of ATP from store 2 to store 1 upon the cessation of 
respiratory activity may be added to the solution to cause an 
acceleration of glycolysis in the aerobic-anaerobic transition, or 
in the case of inhibition of electron transfer for example, by 
cyanide. 


COMPUTER SOLUTION 


The operation of the system as a representation of various 
states of metabolism and the solution of the equations for this 
representation follow. 

Metabolism of Endogenous Substrate—The solution is initiated 
as a representation of cells metabolizing an endogenous substrate 
in a condition which is essentially starved with respect to glucose. 
The cells initially contain a lactate-pyruvate ratio of 10:1 (15) 
and the absolute concentrations of lactate and pyruvate are both 
high (10-* and 10-* m, respectively) so that adequate substrate 
is available for metabolism before the addition of glucose. This 
substrate is readily available to the mitochondrial oxidation sys- 
tem, as are adequate supplies of oxygen (5 X 10-*), ADP (10-+), 
and phosphate (4 X 10-*). As the solution is started, (Fig. 3, 
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see Graph 1) there is a rapid utilization of oxygen (O) and a 
slight diminution of mitochondrial DPNH (H), pyruvate (R), 


and phosphate ($). There is a corresponding increase of 2TP 
(V). As the ADP ( #) is exhausted, the mitochondrial pyridine 
nucleotide (H) then Lecomes more reduced, and the oxygen and 
phosphorylation rates fall to a small value. The system then 
approaches the metabolic state 4. The respiratory activity in 
state 4 is set by the activity of the phosphate-utilizing enzymes 
in the cytoplasm which break down cytoplasmic ATP (1TP, 
Equation 21) to form ADP. The rate of this reaction is indi- 
cated by the small decrease of the ATP in store 1 (1TP) (Trace C) 
and of oxygen (O) and the increase of 2TP (V). For the period 
over which endogenous metabolism is recorded in this solution, 
sufficient cytoplasmic ATP is available to maintain respiration 
even though Equation 20 is inoperative.‘ 

In Graph 4, we plot the kinetics of three intermediates of 
oxidative phosphorylation, XSP (*), X-I (X), and XSI (1). 
The first two show portions of a cyclic change because the solu- 
tion is started with ADP present. Thus, portions of a state 
4-to-3 transition are shown. As the ADP is exhausted, a state 
3-to-4 transition occurs, and there is an accumulation of the 
intermediate, XSP, and a diminution of X-I and XSI. By the 
time oxygen utilization has reached a low value, XSP (*) is 
almost at its maximum and shortly thereafter, mitochondrial 
DPNH (H) reaches its maximum. 

Graph 2, which represents the kinetics of intermediates in 
glucose phosphorylation, shows all concentrations except ATP 
(1TP (C)) to be zero (O) and to be superimposed at the base line 
with the letter G, as indicated by the designation at the top of 
Graph 2, TPELG. 

This also applies to the intermediates of glycolytic phosphoryl- 
ation (Graph 3) which are superimposed with dihydroxyacetone 
phosphate (*) in the sequence DBA$Q* at the top of the graph. 
Cytoplasmic DPN has an initial concentration of 10-4 m and this 
increases to a higher value as a consequence of an adjustment of 
the lactate-pyruvate equilibrium. Most of the diminution of 
pyruvate is due to this equilibration and only a small portion to 
respiration. The concentration of lactate is not measurably 
changed on the trace, which has a full scale value of 10-? m. 

Graph 5, which is devoted to a recording of the interactions of 
a-glycerophosphate and glyceraldehyde 3-phosphate dehydro- 
genase, shows intermediates DXB$*A to be superimposed at 
0 with P, i.e. there are no glycolytic intermediates present. 
However, the system has an initial concentration of cytoplasmic 
DPN bound to the glyceraldehyde 3-phosphate dehydrogenase 
(5 xX 10-'m). The DPN and DPNH traces show the equilibra- 
tion of the lactate-pyruvate system mentioned above. 

Glucose Activation of Metabolism—The addition of glucose to 
the system metabolizing endogenous substrate activates glucose 
phosphorylation and causes utilization of ATP and a production 
of ADP (1, 5). The representation of the addition of glucose 
and the activation of glucose phosphorylation is shown on Graph 
2. The addition of glucose is indicated by the transfer of the 
letter G from the bottom to the top of the graph at time 064. 


4The capacity of the cell to metabolize endogenous substrate 
continuously suggests that Equation 20 could actually be opera- 
tive at a rate consistent with the rate of Equation 21, thereby al- 
lowing newly generated ATP in the mitochondria to become avail- 
able for cytoplasmic ATP utilization. As stated above, however, 
this refinement is not needed for the short time scale of represen- 
tation of endogenous metabolism given here. 
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This move indicates that glucose has been increased from its 
initial concentration of zero to its maximal concentration of 3 x 
10-*m. As a consequence of glucose addition, the glucose-hexo. 
kinase intermediate (E) immediately rises to 75% of its maximal 
value and thereafter slowly increases to 90%. The second glu. 
cose intermediate, ETG (T), rises without an inital step in ap 
exponential fashion from zero to a steady state value of approxi- 
mately 27%. The expenditure of ATP (1TP (C)) due to glucose 
phosphorylation is indicated also. Glucose 6-phosphate (GLP 
(L)) first rises and then is followed by hexose diphosphate (GPP 
(P)). These substances reach steady state levels of 4 and 7%, 
respectively, of their maximum values, but they are plotted ona 
scale 100 times smaller than that of the enzyme intermediates 
(ENG, ETG). 

The time course of some components of the Embden-Meyerhof 
sequence can be followed in Graph 5 where the formation of 
glyceraldehyde 3-phosphate (A) in amounts not visible on the 
trace is sufficient to cause abrupt diminution in the concentra- 
tion of the glyceraldehyde 3-phosphate dehydrogenase-DPN 
compound (M) to 70%, forming some of the acyl enzyme inter- 
mediate (B) (5%) and the free enzyme (X) (17%). The DPNH 
of the cytoplasm formed from the glyceraldehyde 3-phosphate 
dehydrogenase-DPN compound causes an increase of DPNH in 
the cytoplasm as indicated by the rise of trace H to 23%. There 
is also a small increase of DPN (N). In Graph 3 the formation 
of dihydroxyacetone phosphate (trace *) and later a-glycero- 
phosphate ($) is shown. The substances are accumulated in an 
almost linear fashion until the end of this particular reaction 
sequence. The amounts of dihydroxyacetone phosphate (*) and 
a-glycerophosphate ($) formed in this interval of metabolism 
are rather small, but their concentrations rise later (note that 
they are plotted on a scale of 1.3 x 10-* m). 

Also in Graph 3, the first intermediate of glycolytic phos- 
phorylation (1,3-diphosphoglycerate) is formed rapidly and ac- 
cumulated in an almost linear fashion (D). The second inter- 
mediate, 3-phosphoglycerate (Q) at first rises more slowly, then 
rises above 1,3-diphosphoglycerate (D). 

An explanation for the consistent rise in the concentration of 
the phosphorylated intermediates of glycolysis is afforded by 
Graph 1. Here, the increased concentration of ADP (#) pro- 
duced from glucose utilization has markedly accelerated oxygen 
utilization (0). There are parallel decreases of phosphate ($), 
cytoplasmic ATP (C), and an increase of mitochondrial ATP (V). 
In addition, the diminution of the mitochondrial reduced pyri- 
dine nucleotide characteristic of the state 4-to-3 transition, is 
indicated by Trace H (Graph 1) and the kinetics of the inter- 
mediates of oxidative phosphorylation in this state 4-to-3 transi- 
tion are given in Graph 4. It is seen that the activation of 
respiration is a consequence of the rise of the ADP (#) con- 
centration, the decrease of the XSP (*) concentration, and the 
rise of X-I (X). There is also a rise of XSI (I), the net result 
being that there is a rapid decrease of mitochondrial pyridine 
nucleotide (H) (Graphs 1 and 4). 

Inhibited Phase of Metabolism—aAs the records proceed, the 
exhaustion of cytoplasmic ATP (C) becomes effective in slowing 
down glucose and oxygen utilization and also ATP utilization by 
the phosphate-utilizing enzymes (Graph 1). The consequences 
of these phenomena are as follows. In Graph 2, the expenditure 
of ATP causes the accumulation of the glucosehexokinase (E) 
and the phosphohexokinase (T) intermediates, since insufficient 
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ATP is present to react rapidly with them. There is a consider- 
able decrease of glucose 6-phosphate (L) and a smaller decrease 
of hexosediphosphate (P). 

In Graph 5, there is an increase in the concentration of the 
glyceraldehyde 3-phosphate dehydrogenase-DPN compound (M) 
and a corresponding decrease in the concentration of cytoplasmic 
DPNH (H). Concurrently, there is a decrease in the concen- 
tration of the free form of the enzyme (X). Graph 3 shows that 
the concentrations of a-glycerophosphate ($) and dihydroxy- 
acetone phosphate (*) remain approximately the same during 
this interval, the concentration of a-glycerophosphate exceeding 
that of dihydroxyacetone phosphate. The lack of ADP has 
caused a nearly continuous increase of 1 ,3-diphosphoglyceric 
acid (D) and a leveling off of 3-phosphoglyceric (Q) acid. In 
Graph 4, the decrease of ADP concentration towards zero due to 
exhaustion of ATP in store 1 causes a state 3-to-4 transition and 
the X-I (X) and XSI (I) intermediates decrease, while XSP (*) 
increases, as the respiration slackens. Referring to Graph 1, 
the intermediate of ATP utilization system (%) is shown to fall 
to approximately 10%; thus, the flow of ADP to the mitochon- 
dria from the cytoplasm is lower than it was before glucose 
addition, and the rate of respiration in the inhibited phase even- 
tually falls to a lower rate than before glucose addition. 

Activation of Aerobic Glycolysis—The reactivation of the in- 
hibited state of glucose and oxygen metabolism by the addition 
of an uncoupling agent is represented by a reaction which allows 
ATP retained in mitochondrial store 2 to be released into store 
1 and hence be available for glucose phosphorylation. In Equa- 
tion 20, the uncoupling agent (DBP) has the property of making 
2TP identical to 1TP, presumably by a change of permeability 
in the mitochondrial membrane. In order to simulate properly 
the effect of the uncoupling agents, the high energy intermediate 
of phosphorylation (XSI (*)) is converted to the low energy 
intermediate X -I (I) (Equation 19). The concentration of DBP 
is such that the uncoupling of phosphorylation is complete; 7.e. 
the velocity of Equation 19 considerably exceeds that of Equation 
17. 

The addition of DBP which occurs at time units 119, causes an 
abrupt decrease of 2TP (V) and an increase of 1TP (C) (Graph 
1). These curves are approximately mirror images of each other 
except for the fact that some 1TP is expended in glucose metab- 
olism (Graph 2). This graph represents the response of the 
enzyme-substrate compounds E and T to the increased concen- 
tration of cytoplasmic ATP. There is an abrupt increase of 
glucose utilization at a velocity somewhat higher than that 
recorded after the initial addition of glucose (Graph 1). This 
occurs because the cytoplasmic ATP (C) reaches a higher level, 
6 x 10-*m (Graph 1). As a consequence of the increased ATP 
concentration, there are increased quantities of glucose 6-phos- 
phate (L) and hexose diphosphate (P) (Graph 2). 

Graph 3 shows that increase in the concentration of cyto- 
plasmic ADP ( #) causes an almost immediate decrease in the 
concentration of 1,3-diphosphoglycerate (D). This, in turn, 
causes a temporary increase in the concentration of 3-phos- 
phoglycerate (Q). After reaching maxima, the concentrations 
of both these phosphorylated intermediates are diminished to a 
steady state value of aerobic fermentation. The concentration 
of glyceraldehyde 3-phosphate (A) increases more slowly. There 
are steady and continuous increases in the concentrations of 
a-glycerophosphate ($), dihydroxyacetone phosphate (*), pyru- 
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vate (R), lactate (S), and DPN (N) as the aerobic glycolysis 
proceeds. 

The response of the intermediate of glyceraldehyde 3-phos- 
phate dehydrogenase to a greater glycolytic activity is shown in 
Graph 5 where the concentration of the enzyme-DPN compound 
(M) falls finally to a few per cent of its maximum value. Thecon- 
centration of the free enzyme (X) rises to about 50% of maximum 
while the concentration of the acyl enzyme (B) reaches a steady 
state level of approximately 30%. Cytoplasmic DPNH shows 
a slight increase in concentration during this interval. Due to 
the decomposition of the enzyme-DPN compound, there is a 
temporary rise of the total concentration of cytoplasmic DPNH 
(H). The fall of DPNH and the increase of DPN is due to 
increased pyruvate concentration. Most important is the fact 
that the intermediates of glycolysis reach steady state values as 
the solution proceeds, while the concentration of the cytoplasmic 
ATP (C) (Graph 1) is held very close to a constant steady state 
value. This shows that glycolysis is maintaining the metab- 
olism of the cell. 

The uncoupling of oxidative phosphorylation is illustrated by 
Graph 4 where the addition of the uncoupling agent, DBP, 
causes a rise of the concentration of X -I (X) with a corresponding 
fall of the concentration of the phosphorylated intermediate 
XSP (*). A diminution in the concentration of mitochondrial 
DPNH (H) follows closely on these changes and respiration in- 
creases to a rate equivalent to that obtained in the glucose-acti- 
vated phase of metabolism (Graph 1). 


ADEQUACY OF REPRESENTATION 

The digital computer representation of ascites tumor cell 
metabolism illustrates three of the four types of metabolic re- 
sponse characteristic of these cells (1), in addition to other prop- 
erties. It is the purpose of this section to present in detail a 
comparison of these other properties and to indicate in what 
respects the current solution can be improved. 

Stoichiometries—Table II gives concentration ratios for a 
number of quantities in the transition from endogenous to glu- 
cose-activated metabolism. Of particular interest is the glucose- 
oxygen ratio of the ascites cell, which has been determined to 
be 2.7 for high concentrations of glucose (11). The glucose- 
oxygen value of 3.3 obtained by the computer representation 
exceeds 3.0 because of the binding of considerable glucose in 
hexokinase. The mitochondrial ATP:O value of 3.0 is to be 
expected. Since the decrease of ATP in the cytoplasm and the 
increase of ATP in the mitochondria are equal, ATP mw/ATP.y = 
1.0. 


TaBLeE II 


Stoichiometry of concentration changes in transition from 
endogenous to glucose-activated state 














Be Ascites cells 
Glucose/O¢ 3.3 2.7 
Glucose/ATP-y? 1.0 
ATPmw/O* 3.0 
Phosphate/O* 6.0 3.0° 
ATP ae/A ite? 1.0 





* Moles per g atom. 
> Moles per mole. 
¢ Initial value. 
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The similarity of the glucose-oxygen value obtained with the 
computer representation to that obtained experimentally is of 
particular interest because of the net utilization of only one cyto- 
plasmic ATP per molecule of glucose expended. It appears that 
the ATP expended in the second glucose phosphorylation is re- 
placed by that produced in the glycolytic phosphorylation. The 
fact that this ratio is obtained without the participation of the 
pentose phosphate-pathway enzymes is also noteworthy. The 
P:O ratio of the computer solution (6.0) differs considerably 
from that of the cell (3.0), chiefly because of a rapid phosphoryla- 
tion by glyceraldehyde 3-phosphate dehydrogenase. The calcu- 
lated value for the glucose-phosphate ratio differs from that of 
the cell where the value is 1.0 for low glucose concentrations (10) 
as compared with 0.5 for the computer representation. 

Rates of Metabolism—The rates of glucose and oxygen metab- 
olism utilization in the computer representation simulate the 
action of a certain mass of cells. If, as suggested above, we take 
the time scales of Fig. 3 to read seconds, then the computer 
solution corresponds to the action of 180 mg per ml wet weight 
of cells at 26° A comparison of the properties of the computer 
solution and the experimentally observed characteristics is given 
in Table III for glucose, oxygen, and phosphate. Under these 
conditions, the glucose rates in the glucose-activated state are 
equal, but two differences are apparent. The maximal rates of 
oxygen utilization and of aerobic glycolysis in the computer rep- 
resentation are faster than those of the cells. This may be due 
to the fact that the ADP level rises to a relatively higher value 
in the computer solution than in the cell. Chemical analyses of 
the ADP are as yet fairly uncertain, and further chemical data 
are required for an improvement of the computer solution. In 
other respects, the agreement of the rates is fairly good. 

Control Ratios—The ratios of activity for glucose, oxygen, and 
phosphate in the glucose-activated and glucose-inhibited states 
are given in Table IV. It is clear that the computer solution 


Taste III 
Rates of disappearance of substrates in endogenous-glucose-activated 
transition of Ehrlich ascites tumor cell suspension (0.180 g/ml. 
at 26°) and its computer representation (CR) 























State of metabolism? 
Metabolites | Endogenous ae, Glucose-inhibited eas. 
CR | Cells | CR | Cells| CR Cells CR | Cells 
Glucose 13.2) 13.0) 1.6 0.94 30.0) 9.4 
Oxygen 1.5 | 3.2 | 12.0} 3.6) 0.1 | (0.2-0.02) 9.0) 3.6 
Phosphate | 1.6 16.6} 16.0) 3.4 14.0 




















* Rates are given in pmoles per liter per second as computed 
from the slope of the chemical or the computer kinetics. 


TABLE IV 


Control ratios of rates of input and output metabolites (glucose- 
activated/glucose-inhibited state) 





Computer representation Ascites cells 





Glucose >10 13.6 
Oxygen >20 6-10 
Phosphate 5.0 
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TaBLe V 
Affinity constants (moles/liter)¢ 








Component Computer representation | Ascites cells 

ADP 

Respiratory rate 25 X 10° 25 X 107% 

Glycolytic rate — 2 X 10-# 
ATP., 

Glucose-hexokinase complex 7.5 X 10-4 — 

ATP-utilizing enzyme 7.5 X 10-4 
Glucose 5 X 10-5-1 X 10°-3/ 10-50 











* Computer values are obtained in the steady state, except those 
for ADP and glucose which were varying slowly at the point of 
computation of the affinity constant. 

> Value for rat liver mitochondria (14). 

¢ The steady state concentration of ADP reaches 4 X 10-4 
in glycolysis. 

4 Reference (17), data given for yeast only. 

* Half-maximal activity of brain hexokinase is obtained with 
1.3 X 10-*m ATP in the presence of 0.005 m MgCl, (18). 

4 The value depends on the ATP concentration. 

9 See reference (19). 


has a somewhat higher control ratio than the actual cell (4), as 
might be expected since the computer representation has no 
“leak” of mitochondrial ATP back to the cytoplasm in the glu- 
cose-inhibited state. Thus, the computer solution would be 
improved by the inclusion of a small DBP concentration in 
Equation 20 continuously throughout the solution in order to 
duplicate the lower control ratios observed in the cell. 

Affinity Constants—These are summarized in Table V for some 
of the key substances in the metabolic regulation, the most im- 
portant of these being ADP. Although mitochondria from 
ascites tumor cells have not been titrated with ADP, the re- 
sponse of their respiratory rate to a diminution of ADP suggests 
that their ADP affinity is comparable to the figure given in the 
table for rat liver mitochondria (16). This value agrees with 
that of the computer representation. ADP control of glycolysis 
has not been demonstrated in the computer solutions illustrated, 
but it is clear from the high steady state value of ADP in the 
representation of aerobic glycolysis (4 X 10-‘) that the require- 
ment for this state considerably exceeds that for the glucose- 
activated state where the ADP is held at a lower level by the 
mitochondria. Table V also includes affinity constants for ATP 
in its reaction with the glucose-hexokinase intermediate (Equa- 
tion 2) and with the ATP-utilizing enzyme (Equations 21 and 
22). The glucose concentration giving half-maximal satura- 
tion of hexokinase has been studied experimentally in ascites 
cells (19) and agrees fairly well with that of the computer solu- 
tion in the glucose-inhibited state. In the glucose-activated 
state, and in aerobic glycolysis, the value for the computer solu- 
tion is much larger because of the high ATP concentration. 

Concentration Ratios—Considerable attention has been given 
to the concentration ratios, particularly lactate-pyruvate and 
DPNH:DPN (15, 20,21). Table VI gives a number of such ra- 
tios for the computer solution, and, where available, for the cell. 
The computer solution is initiated with a lactate-pyruvate ratio 
of 11:1 which is about a third that of the cell. When the state 
of aerobic glycolysis is reached, the computer representation 
has produced considerable pyruvate from glucose utilization and 
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Taste VI 
Ratios of concentrations 
Endogenous (state 1) Glucose-activated (state 3) Glucose-inhibited (state 4) Aortic sycalvsis 
CR Cells CR Cells CR Cells CR Cells 
Lactate 11.0 27.08 11.0 27.0 11.0 27.0 7.4 8.8 
Pyruvate 
Fructose 1,6-diphosphate 
~4 K ‘ x 
Dihydroxyacetone phosphate st 0.2 1.6 0.85 
a-Glycerophosphate = 
Dihydroxyacetone phosphate : 3:9 5.8 2.4 
DPNH 
DPN (cy) 2.6 0.8 1.9 0.85 
DPNH 
DPN (mw) 4.0 1.4 3.0 1.2 
DINRS + OS NBer 3.0 | 0.54 0.9 2.1 2.3 0.93 0.09 
DPNey + DPNuaw 
ATP 
ADP? > 100 1.2 1.5 1.5 
AlPuaw 
Sy X 
ADE >100 8 > 100 0.15 
ATP.y + ATPaw 
ADP >100 6.0 9.9 1.9 >100 7.5 1.8 1.2 
ATPmow 2.0 7.2 >100 0.1 
ATP cy 



































*u = uncoupled. 


> DPN:DPNH calculated from lactate-pyruvate ratio according to (20) gives 980 for the ascites cell and 2280 for the computer solu- 


tion. 


¢ ADP is considered to be equally distributed in cytoplasm and mitochondria. 


the two values are in good agreement. The a-glycerophosphate- 
dihydroxyacetone phosphate value approximates the experi- 
mental value. 

In the computer solution, it is possible to separate mitochon- 
drial from cytoplasmic DPNH:DPN ratios, but it is necessary 
to average these two values for a comparison of available data 
on the intact cell. The ratio is considerably higher than the 
experimental value for endogenous metabolism and aerobic gly- 
colysis, but appears to be in better agreement for the glucose- 
inhibited state. 

The ATP: ADP ratios are of especial interest, since the com- 
puter representation allows their separate calculation for the 
cytoplasmic and mitochondrial portions of the cell. For exam- 
ple, a comparison of the glucose-inhibited and glucose-activated 
states shows that a 4-fold increase of the ATP: ADP ratio found 
by chemical analysis is much smaller than the 10-fold increase 
found in the computer solution. Similarly, a comparison of the 
glucose-activated states with the state of aerobic glycolysis 
shows only a small change of the ATP:ADP ratio by chemical 
analysis, whereas the computer data show a large change in the 
ratio of the mitochondria and only a small change in that of the 
cytoplasm. The tables also include the ratio of mitochondrial 


ATP to cytoplasmic ATP which reflects the flow of nucleotides 
to and from the mitochondria in the various phases of metabo- 
lism. To some extent these discrepancies reflects experimental 
difficulties in determining large ATP:ADP ratios in mitochon- 
dria in state 4 (22). 

In Table VII, a comparison of the concentration values for 
the computer representation and the cells is presented. In 
general, much smaller concentrations of the intermediate are 
present in the computer representation than in the cell. This 
is due to two factors: 

(a) Low initial concentrations are desirable in the computer 
representation in order that the graphs show clearly the changes 
of concentrations of the substances; 

(b) The computer solution is not run long enough to accumu- 
late large concentrations of intermediates, so that the amounts 
of a-glycerophosphate and dihydroxyacetone phosphate that ac- 
cumulate are less than the amounts found in the cell. Also, some 
concentrations require adjustment; the total pyridine and ade- 
nine nucleotide concentration is too small, but the values used 
help to give a short solution time. It is unlikely, however, that 
changes in these concentrations will greatly alter the form of the 
solutions already obtained. 
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Metabolite pattern of Ehrlich ascites tumor cells and their computer representation® (MT-94) 




















State of inhibition 
Endogenous (state 1) Se Glucose-inhibited (state 4) ( AP CD BE mde) 
CR Cells CR Cells CR Cells CR Cells 

Lactate 10.0 24.0 10.0 24.0 10.2 24.0 10.3 50.0 
Pyruvate 0.9 0.94 0.9 0.94 0.92 0.94 1.4 5.7 
Fructose 1,6-diphosphate 0.06 4.0 0.02 ~2 0.29 
a-Glycerophosphate <0.01 0.22 7.5 0.82 
Dihydroxyacetone phosphate <0.01 1.0 0.08 1.3 0.34 
DPNH.,y 0.16 0.088 0.13 0.092 
DPN.y 0.06 0.11 0.07 0.108 
DPN Haw 0.048 0.035 0.045 0.033 
DPNnaw 0.012 0.025 0.015 0.027 
(DPNH + DPN) cysmw 0.26 0.45 0.26 0.26 0.54 0.26 0.45 
ATPyy 0.36 0.12 <0.015 0.64 
ATPaw 0.72 0.87 1.08 0.07 
(ATP) cy4mw 1.08 6.0 0.99 2.8 1.09 3.8 0.71 ~3 
ADP <0.01 0.99 0.1 1.5 <0.01 0.5 0.4 ~2 
P,; 3.8 17.0 3.7 ~6 3.2 17.4 2.6 























* The metabolite concentration of the computer representation is given in mmoles per liter; that of the ascites cell suspension in 


mmoles per kg wet weight. 


The data for the steady state concentrations of four different states of metabolism were taken at the following computer times: en- 
dogenous respiration (state 1) at 061; glucose-activated (state 3) at 0.71; glucose-inhibited (state 4) at 116; and aerobic glycolysis (state 


3u (DBP-induced)) at 153. 
’u = uncoupled. 


DISCUSSION 


The techniques described above make possible a comprehen- 
sive study of the kinetics of intermediates in a multicomponent 
enzyme system in such a way that the results can be compared 
with those obtained by chemical and physical observations of the 
dynamics of intermediates in the intact cell. 

It must be emphasized that an attempt has been made to 
represent only the essential elements of four characteristic re- 
sponses of ascites tumor cells to glucose and oxygen metabolism. 
These features are: 

(a) metabolism of endogenous substrate in an ADP-limited 
condition; 

(b) a rapid acceleration of glucose and oxygen utilization upon 
glucose addition; 

(c) an abrupt inhibition of both processes; 

(d) a restitution of rapid utilization of both glucose and oxy- 
gen upon addition of an uncoupling agent. 

These responses are represented in a series of chemical equa- 
tions in which the law of mass action applies throughout. The 
essential features are: 

(a) an ADP control of endogenous respiration in a reaction 
that has a higher affinity for ADP than do the glycolytic phos- 
phorylations (16, 23-25); 

(6) a store of ATP available for rapid phosphorylation of 
glucose ; 

(c) a retention of newly phosphorylated ATP so that glucose 
phosphorylation cannot proceed (26-30); 

(d) a breakdown of this retention in the presence of an un- 
coupling agent. 

The present level of complexity inadequately represents some 
aspects of the metabolic regulations. For example, more detail 





is highly desirable in the Embden-Meyerhof sequence, in the 
citric acid cycle, in fatty-acid synthesis, and in the oxidative 
phosphorylation and uncoupling reactions. 

In addition, modifications in the initial concentrations, reac- 
tion velocity constants, and accessibility of ATP to hexokinase 
and phosphofructokinase would be suitable for representing the 
interesting data of Lonberg-Holm (31). 

These changes can be made in the computer solution without 
greatly altering the metabolic response now studied, and will 
permit the system to acquire new responses. 

Although it would appear that a detailed study of the meta- 
bolic systems of Fig. 1 would result in the identification of “key” 
or rate-limiting steps and thus permit the representation of the 
function of each one of these with a single reaction, it is an in- 
trinsic feature of metabolic pathways that multiple interactions 
are involved in which different steps may become rate-limiting 
under different conditions. We do not, therefore, look forward 
to a great simplification of the representation of metabolic path- 
ways, but instead to an increase in the scope of the program 
making possible a complete representation of intracellular func- 
tions and eventually intercellular interactions. 


CONCLUSIONS 


Activation and inhibition of oxygen and glucose metabolism 
and their reactivation by an uncoupling agent are metabolic 
responses of ascites tumor cells based on a minimum hypothesis 
for metabolic control. A digital computer represents intracellu- 
lar reactions according to the law of mass action and reproduces 
these metabolic responses. The chemical system involves a 
control of endogenous metabolism by the adenosine diphosphate 
level at the mitochondria, an adenosine triphosphate store avail- 
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able for rapid glucose phosphorylation, a concomitant accelera- 
tion of respiration, and a compartmentation of newly phospho- 
rylated adenosine triphosphate so that glucose utilization and 
consequently respiratory activity become inhibited. A break- 
down of this adenosine triphosphate retention by the addition 
of an uncoupling agent and a consequent activation of both 
glucose utilization and respiration follow. 

An elaboration of the chemistry of the simplified reaction rep- 
resented is desirable for a more accurate portrayal of these and 
additional regulatory phenomena. 
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In the considerable time interval between the establishment 
of chemical equations for enzyme action by Michaelis and Men- 
ten (1), and their extension by Briggs and Haldane (2), to the 
present time, there has been no satisfactory mathematical ap- 
proach to a detailed comparison of the over-all or intermediate 
kinetics with those of the chemical equations. In spite of other 
efforts to make approximate solutions (3, 4) we showed some 
time ago that the mechanical differential analyzer (5) and more 
recently the electronic analogue computer (6) could be used in 
the solution of these problems. However, both the mechanical 
differential analyzer and the electronic analogue computer have 
definite limitations in terms of the number of components of an 
enzyme sequence that can be represented. In order that multi- 
enzyme systems might be adequately studied (7-11), we began, 
in 1953, to develop a program for a digital computer that would 
allow the representation of 40 simultaneous chemical reactions. 

In the preceding paper (11) the method of use of the digital 
computer program and the types of representation have been 
described in detail. It is the purpose of this paper to establish 
criteria for the accuracy of the digital computer program for a 
simple enzyme system by comparing it with solutions previously 
obtained from the mechanical differential analyzer. 


Chemical Equations 
The chemical equations are: 


k 
E+S <x ES (1) 
ep x fs p 

ks 
Me oe 4 a (2) 
p I 


The digital equations are: 


ENZ + SOO —4_. png — ENZ - soo (3) 
ENS --4 ENZ + 800 — ENS (4) 
ENS -25 ENZ + POO — ENS (5) 


The difference between the two representations is that the digital 


* This research has been supported in part by a grant from the 
Office of Naval Research. The differential analyzer data were 
obtained by Dr. J. G. Brainerd of the Moore School of Electrical 
Engineering, University of Pennsylvania. The digital computer 
solutions were obtained at the University of Pennsylvania Com- 
puter Center. 
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computer can indicate only a one-way reaction and thus the 
reverse reaction equation must be represented separately. 

The velocity constants for the reactions and the enzyme con- 
centration are set equal to 1. The substrate concentration is 
varied, although the particular solution of Fig. 1 is taken for a 
substrate concentration of 8. The units of concentration may 
be molar (Mm), in which case the time scale is in seconds. If 
they are micromolar (e = 1 X 10-* m) and the reaction velocity 
constant k; is 1 X 10° m~ sec~!, then the time scale is again in 
seconds. Thus, the time scale is inversely proportional to the 
value of ke; i.e. if ki = 10’ m- sec or ife = 1 X 10-* M, the 
time scale must be divided by 10. 

With the digital computer, the differential equations are writ- 
ten by the program itself, and they need not be presented here, 
The values of the velocity constants are unity as stated above. 
The enzyme concentration is 1.0 and this is its maximal value 
in the graph of Fig. 1. The concentration of substrate is 8.0 
and this is the value of its maximum on the graph. The maxi- 
mum for ENS is 1 and that for Pis 8. The stoichiometries are 
set at 1. 

The accuracy of the mechanical differential analyzer as used 
probably exceeds 0.1%. The accuracy used in the digital com- 
puter solution was set at 0.1%. In both cases, the effective 
accuracy is limited by the data output. For the differential 
analyzer, a mechanical plotter was used in which an accuracy 
of three significant figures is available. With the digital com- 
puter, numerical data accurate to at least four significant figures 
are available. The high speed printer which gives the graphi- 
cal output of Fig. 1 plots 100 points on the ordinate and either 
100 or 200 points on the abscissa, ensuring an accuracy of two 
significant figures. Rate data from both graphical procedures is 
less accurate, however, and it is apparent that numerical values 
for reaction rates should be obtained directly from the digital 
computer and not from the graphs of concentration versus time. 
The latter are, however, quite satisfactory for preliminary tests 
of various complex reaction mechanisms as discussed in the pre- 
ceding communication (11). 


RESULTS 


The plan of both experimental and theoretical solutions for 
the Briggs-Haldane modifications (2) of the Michaelis equations 
is to demonstrate a “cycle” of enzyme-substrate activity in 
which the substrate-free enzyme is treated with a sufficient ex- 
cess of substrate that the intermediate compound reaches a 


1 These particular data were obtained with a modified differen- 
tial equation solver developed by one of us (P. 8.). 
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maximal concentration somewhat below the saturation value. 
If the enzyme concentration is sufficiently small, the intermedi- 
ate will have a readily measurable life-time and its decomposi- 
tion into free enzyme can also be observed. This curve (see 
Fig. 1) has definite characteristics: 

(a) if it rises towards a saturation value, then the rate of its 
rise must considerably exceed its rate of decomposition; 

(6) the maximal value of the concentration of the intermedi- 
ate is reached very early in the cycle; 

(c) for these conditions, the steady state exists only for a 
small fraction of the total duration of the cycle. 

Simultaneous measurements of the utilization of substrate 
and the formation of product also have characteristic features. 
The trace for the disappearance of substrate has a characteristic 
‘Sump” decrease of concentration which corresponds roughly in 
magnitude to the amount of substrate immediately bound to 
the enzyme. Thereafter, the substrate curve tends toward a 
zero-order reaction. It should be noted, however, that the curve 
is sharply inflected at the time the maximal concentration of 
the intermediate is reached and it is rather difficult to measure 
accurately the rate of disappearance of substrate at that time. 
On the other hand, it is interesting to note that later deviations 
from the zero-order reaction kinetics are hard to observe even 
though the trace for the intermediate compound clearly shows 
the system to be no longer in a steady state. The formation of 
product has a special characteristic that no product can be 
formed before the intermediate is formed and there is an induc- 
tion period in product formation. (This feature of the kinetics 
does not show clearly on the time scale used here, although it 
can clearly be observed on an expanded scale.) This makes the 
product curve appear to go more smoothly into a zero-order 
reaction so that the rate of product formation can be measured 
more easily at the time the intermediate has reached its maximal 
concentration. 

Quantitative Comparison of Differential Analyzer and Digital 
Computer Results—Fig. 1 compares differential analyzer and 
digital computer representation of the cyclic response of the 
intermediate and the various phases of the substrate and prod- 
uct curves on graphs which are plotted to approximately the 
same scale. The kinetics of the digital computer solution are 
carried more nearly toward completion of the reaction, and 
there is in addition a trace representing the concentration of 
free enzyme. The time scale for the analogue solution is given 
directly in seconds for the conditions described above. In the 
digital computer solution, the numbers along the abscissa are in 
tenths of seconds. These solutions can be compared with each 
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other and with the parameters set into the solution by three 
methods, the results of which appear in Table I. The simplest 
internal comparison is a measurement of the concentration of 
the enzyme-substrate intermediate at its maximal concentra- 
tion (px). Table I includes values of pm not only for an initia] 
substrate concentration of 8, but also for concentrations of 1, 
2, and 4. There appears to be satisfactory agreement between 
the values of pm; the deviations, calculated as a percentage of 
the maximal value for pu, are within 1%. 

An independent calculation of pa can be derived from the 
well known equation: 





4 1 - 1 
on a (6) 
kixm Xm 


Since ko = ks = k,, the equation can readily be evaluated for 
values of xm read from the graphical solutions. Calculations 
give values of pm that agree with those read from the graph to 
within an accuracy of 2% of the maximal value. 

Reaction rates can be crudely derived from the slopes of the 
traces of Fig. 1. At the time of the maximum, a particularly 
simple relationship obtains between the rate of formation of 
product (P) and the maximal concentration of the enzyme 
substrate intermediate: 


P., = kspm = Pa (7) 


These values are equal for this case where kj = 1. As is to be 
expected, there is less accuracy in measuring the rates than in 
measuring the concentrations: discrepancies of 6% are observed. 

An over-all check on the shape of the solution has been found 
from the simple relationship: 


Xo 


ks = 
Pmt} oft 





(8) 


where Xo is the initial value of substrate concentration and & ot 
is the interval between p = 0 and the time when p,, has fallen to 
half its value. Here the data agree to an accuracy of 10%. 
It should be noted that the accuracy of the agreement is about 
the same for the digital and the analog computer solutions. 

The numerical data give a more accurate test of Equation 8 
than was available previously. The accuracy is particularly 
good for x» = 8; at smaller values a 10 to 15% deviation is ob- 
served. This is discussed by Higgins (12) where suitable correc- 
tion terms are formulated for these conditions. 























TABLE I 
Comparison of solutions of Briggs-Haldane modification of Michaelis-Menten equations 
Pm = ¥ r Xo 
Pm measured value 1+ 2 Pm = Pm k= = = 
Substrate concentration Xm off 
1 2 4 8 1 4 8 1 2 4 8 1 2 4 8 

Analogue computer (differ- | 0.235} 0.410} 0.602) 0.772) 0.25 | 0.41 | 0.60 | 0.78 | 0.23 | 0.34 | 0.54 | 0.70 | 1.2} 1.1 | 1.0 | 0.99 

ential analyzer) 
Digital computer (graphical | 0.24 | 0.40 | 0.60 | 0.77 | 0.25 | 0.39 | 0.61 | 0.79 | 0.23 | 0.38 | 0.55 | 0.68 | 1.3 | 1.1 | 1.1 | 1.0 

output) 
Digital computer (numeri- | 0.234! 0.401} 0.602) 0.773) 0.234) 0.401) 0.604) 0.773/ 0.234) 0.401) 0.602/ 0.773) 1.15) 1.10] 1.11 0.997 

cal data) 
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SUMMARY AND CONCLUSIONS 

An accuracy test for the digital computer solution of the one 
enzyme Briggs-Haldane modification of the Michaelis-Menten 
equation has been critically examined by a number of criteria. 
It is found that graphical output data show that the concentra- 
tions are accurate to 1% and rates to about 6% of the full scale. 
The numerical data on concentrations and rates are accurate to 
0.1%. Since the same logical procedures are used for the solu- 
tion of more complicated problems with the digital computer, 
it may be concluded that a similar accuracy will be obtained. 
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The structures of the final products of peroxidatic oxidations 
(la, 2), the stoichiometries and relative rates of reduction of 
peroxidase Compounds I and II (3, 4), and the redox prop- 
erties of substrate intermediates (5) make it likely that the 
intermediates are free radicals. We have now obtained direct 
physical evidence, with electron paramagnetic resonance spec- 
troscopy, that free radicals are formed from substrates in this 
enzymic oxidation-reduction. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Peroxidase was purified from Japanese turnips by the method 
of Kondo and Morita (6) and crystallized by the Kenten-Mann 
procedure (7). The sample used in this study had RZ = 2.7; 
ky for the rate of ascorbic acid disappearance in 0.1 M acetate 
buffer, pH 4.8 at 25°, was 2.6 x 10‘, corresponding to the 
value 2 < 10‘ already reported for horse-radish peroxidase (8). 
Eastman Kodak white label hydroquinone and Mallinckrodt as- 
corbic acid were used as substrates. Dihydroxyfumaric acid, 
E;mol. inether = 9270 (308 my), prepared according to the method 
of Hartree (9), and heavy-metal-free acetate buffer, were kindly 
supplied by Dr. F.K. Anan. Deionized, distilled water was used 
as solvent throughout the experiments to minimize autoxidative 
effects of trace metals. The buffers at pH 4.8, 6.0, and 7.0 
were 0.1 M acetate, citrate, and phosphate mixtures, respectively. 
Fresh reagent grade 30% H:0. (Baker and Adamson) was used, 
and care was taken to prepare fresh substrate solutions im- 
mediately before each experiment to minimize autoxidation. 

The electron paramagnetic resonance spectrometer used was 
a Varian V-4500 x-band instrument with associated 6-inch mag- 
net and power supply. The spectrometer was operated with 
100 ke field modulation, with external sweep coils, and with 
an Hoi cavity of unloaded Q = 7700. The sample cell was 
a quartz cuvette 0.9 x 0.5 x 0.01 inch (7.5 x 10 ml) po- 
sitioned in the fields in order to avoid dielectric losses in water. 
The flow system used for kinetic measurements was designed 
by Dr. Robert Burger of Utah State University. The system 
was modeled after that of Roughton (10) and Chance (11). 


* This investigation was supported in part by grant A-971 of 
the National Institute of Arthritis and Metabolic Diseases. A 
preliminary account of the results has been published (1). 

+ On leave from the Biological Institute, Tohoku University, 
Sendai, Japan. ' 


It was capable of both stopped and continuous flow operation, 
Continuous flow was obtained by using either compressed N, 
or O, as drivers, depending upon whether anaerobic or aerobic 
conditions were needed. Stopped flow was achieved with three 
micro-solenoid valves, one placed at the exit of the spectrome- 
ter cavity and the other two at the entrance arms of the mixer 
cell, which was made of Lucite and contained twelve opposed 
jets. The volume from the mixer to the center of the cavity 
was 0.14 ml, and flow rates were varied from 4 to 12 per sec- 
ond (Fig. 1). 

Concentrations of free radicals were determined by taking 
the first moment of the free radical lines and comparing them 
with the first moment of one of the eight lines obtained for 
a 2 X 10 mM aqueous solution of VOSO,. The first moment 
is defined by Andrew (12) as M, = Sts f(h)dh = I where 
the function f(h) describes the absorption curve for the reso- 
nance and J is the intensity of the absorption curve, which is 
proportional to the concentration of paramagnetic species con- 
tributing to the line. A first moment determination of the 
derivative presentation as an intensity measurement has the 
advantage over a double integration in that it is independent 
of modulation amplitude and frequency and is a single opera- 
tion which eliminates the possibility of compounding errors of 
measurement. 

The standard VOSO, solution was placed in the same cell 
used for the free radical measurements so as to insure the same 
filling factor and geometry of the cell with respect to the cavity. 
Since both standard and enzyme systems were in aqueous solu- 
tions of approximately the same ionic strength, there was no 
possibility of a Q change in going from the enzyme system 
to the standard. 

Because of the fact that the spectrum of VOSO, is not com- 
pletely resolved, thus making it difficult to choose a true base- 
line for the moment calculations, it is estimated that an error 
of 20% is encountered in measuring the true intensity of the 
VOSO, lines. This error only applies when making an abso- 
lute calculation of the concentration of free radicals in any 
particular experiment, but does not apply when comparing the 
concentration of the same free radical obtained under one set 
of conditions with that obtained under a different set of con- 
ditions. This latter comparison can be made by merely com- 
paring the peak-to-peak amplitudes of the lines in both cases. 
Such a comparison can be made with only a few per cent error. 
It was possible in this manner to follow the change in con- 
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Fia. 1. Liquid flow system positioned in the magnet gap of the electron paramagnetic resonance spectrometer. Figure shows the 
twelve-jet Lucite mixer and inlet tubes placed in front of the cavity. 


centration of free radicals with time by merely following the 
decrease in the peak-to-peak amplitude of the free radical line 
and thus obtain a rate curve. 


. RESULTS 


Hydroquinone—Chance’s data on the rates of peroxidase-sub- 
strate reactions (4) show that the formation of any substrate 
free radical and its decay would be very rapid. Accordingly, 
attempts were made to stabilize possible free radical interme- 
diates by rapid freezing in liquid nitrogen. Reaction mixtures 
were sprayed directly into liquid nitrogen and collected as solid 
spherules, or were frozen as films on quartz tubes filled with 
liquid nitrogen. The frozen samples were then placed in a 
quartz Dewar filled with liquid Nz in the spectrometer. These 
attempts were completely unsuccessful in detecting a free radi- 
cal intermediate. This failure to observe a signal associated 
with the semiquinone free radical frozen at 77° K. is not un- 
reasonable, when one considers the possible interactions that 
can take place in the solid state. The spin Hamiltonian which 
describes the hyperfine interaction between the magnetic nu- 
clei in the molecule and the unpaired electron and which yields 
the multiplet lines in the electron paramagnetic resonance spec- 
trum, contains an isotropic term and an anisotropic term. The 
anisotropic term is due to a dipolar interaction between the 
nuclear magnetic dipole and the electron dipole. This term is 
field orientation dependent but can be averaged to zero by 
rapid tumbling of the molecules as would be the case in solu- 
tion. In the solid state, however, rapid tumbling is not pos- 
sible and the anisotropic term becomes large and acts to smear 
the multiplet lines into one broad line which can be lost in the 
normal spectrometer noise. 


For this reason, attempts were made to observe free radi- 
cals at room temperature. Solutions containing 2 x 10°? m 
hydroquinone and 2 X 10-* m H,O2 at pH 7.0 were made 2 
x 10-* m in peroxidase and transferred to the spectrometer 
within 30 to 45 seconds after mixing. An electron paramag- 
netic resonance signal consisting of five lines with splittings 
identical to those of p-semiquinone, was observed (Fig. 2). The 
spectrum of p-semiquinone obtained by allowing hydroquinone 
to autoxidize at pH 7 (Fig. 2A) took 5 minutes to form and 





Fic. 2. Spectra of p-semiquinone free radical. A. The spec- 
trum of autoxidized hydroquinone, without enzyme, at pH 7.0. 
This signal took 5 minutes to form. The splitting between lines 
is 2.4 gauss as measured with a proton resonance flux meter. B. 
Semiquinone radical formed in the presence of 2 X 10-* mM perox- 
idase, and 2 X 10-2? m H.O2 at pH 7.0. The signal formed imme- 
diately and persisted for several hours. C. Blank trace obtained 
when 2 X 10-2 m hydroquinone and 2 X 10-? m H2O2 were mixed at 
pH6.0. D.Semiquinone radical formed on addition of 2 X 10-§ Mm 
peroxidase to solution in C. 
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persisted for over 2 hours. In the presence of enzyme, p-semi- 
quinone formed in less than 30 seconds (Fig. 2B), and also 
persisted for over 2 hours. The autoxidation of hydroquinone 
at pH 6 could not be detected within 6 minutes (Fig. 2C), 
but in the presence of 10-* m peroxidase, the typical p-semi- 
quinone signal was observed (Fig. 2D). However, at this pH 
it disappeared in less than 2 minutes. 

The signal-to-noise ratio for free radicals observed by the 
transfer technique was low because of the rapid rate of decay 
at pH 6. It was therefore necessary to use a flow system in 
order to obtain a steady state production of free radicals within 
the cavity of the spectrometer, and this was obtained by con- 
tinuously passing 8 X 10° M enzyme (in 0.1 M acetate, pH 
4.8) into one arm of the mixing chamber, and a solution of 
hydroquinone (2 X 10-* m), H.O2 (2 x 10-? Mm) and buffer 
(0.1 M acetate, pH 4.8) into the other arm. The blank signal 
obtained from peroxide-hydroquinone only is shown in Fig. 3A. 





Fic. 3. Spectra of the semiquinone formed in the steady state 
during continuous flow. The flow rate was 8 ml per sec. A. The 
trace obtained for flow of 10-2 m hydroquinone and 107? m H2O:, 
pH 4.8. B. Steady state semiquinone radical formed when 4 X 
10-* peroxidase was added. C. Steady state semiquinone radical 
obtained when peroxidase concentration was cut to 1 X 1078 M. 
Signal intensity dropped by a factor of 2. 
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Fig. 4. Free radical signals obtained with 2 X 10-2 m ascorbic 
acid as substrate. Flow rate was 8 ml per sec. The center of the 
low field line of the doublet was found to be at g = 2.0043. A. The 
spectrum obtained from autoxidized 2 X 10~? m ascorbic acid and 
2X 10°? m HO, at pH 4.8. The concentration of the free radical 
was found to be 1.2 X 10-7 m. B. The steady state signal obtained 
during continuous flow for 2 X 10-2 M ascorbic acid and H2Os, and 
1.6 X 10-7 Mm peroxidase. Flow rate was 8 ml per sec. The con- 
centration of free radical was 9.0 X 10-7 m. C. Same conditions 
as in B, except peroxidase concentration was reduced to 4 X 10-8 M. 
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TABLE I 
Free radical concentrations at the steady state, as a function of 
peroxidase, H2O02, and ascorbic acid concentrations (m/l 





—. 





Peroxidase HO: Ascorbic acid | Free radical 
| 

1x 10 * 2x10* | 2x10* | 21x 107 
4X 10°8 2x10* | 2x10? | 4.5% 10-7 
1.6 X 10-7 2x10? | 2x10? | 9.0107 
4X 10-8 2x10? | 5x10° | 114x107 
4X 10-8 SM 40% |. 236 | 3.8 X 1077 
8 xX 10-° 5xX10* | 2x10? 1.9 X 107 

| 2x 102 | 6.4 X 107 


8 X 10° 


5 X 10 





The spectrum for flow including enzyme, traced out during con- 
tinuous flow and, therefore, the steady state signal, is shown 
in Fig. 3B. The measured concentration of free radical in this 
steady state was 1.6 xX 10-7 m. The signal disappeared in 
less than 1 minute after stopping the flow. When the per- 
oxidase concentration was reduced to 1 X 10-* M in the re- 
action mixture, the signal intensity, and, accordingly, the free 
radical concentration, was halved (Fig. 3C). Decay curves were 
not obtained for p-semiquinone because of poor signal-to-noise 
ratios at low enzyme concentrations, but the decay was faster 
than that of the other two substrate free radicals which were 
observed. The formation of p-semiquinone under the condi- 
tions of experiment was too fast to be measured at the flow 
rates which were used; that is, it occurred within 0.005 seconds 
after mixing. 

Ascorbic Acid—The peroxidatic oxidation of ascorbic acid was 
studied by both the transfer and flow methods; only the re- 
sults of the flow studies are reported here. The free radical 
spectrum which developed during the autoxidation of ascorbic 
acid (2 X 10-? M) in the presence of 2 X 10-* M H.Oz, is shown 
in Fig. 4A. This signal took several minutes to develop, and 
decayed in about 15 minutes; it was not observed during con- 
tinuous flow, since the flow rate to the cell was greater than 
the rate of formation. The measured concentration of free radi- 
cal under the conditions of Fig. 44 was 1.2 x 10-7 m. When 
the reaction mixture contained 1.6 xX 10-7 m peroxidase, the 
rate of free radical formation was much greater than flow rate. 
The steady state signal is depicted in Fig. 4B. When the en- 
zyme concentration was reduced by a factor of 4, the steady 
state concentration of free radical dropped by one-half (Fig. 
4C) (signal amplification in Fig. 4C was twice that in Fig. 
4B). Steady state free radical concentrations measured at vary- 
ing substrate, H.O., and enzyme concentrations are summarized 
in Table I. 

Free radical decay was observed by stopping the flow. The 
flow rates were not high enough to diminish the free radical 
signal, hence the formation rate could not be measured, but 
by adjusting the magnetic field so that the field was at the 
maximum of the derivative curve, and allowing the signal to 
decay to zero to obtain a base-line, rates of decay could be 
measured (Fig. 5A). After the base-line was established, flow 
was reactivated; the high rate of increase in signal strength 
was a combination of the rate of formation of free radical and 
the rate of flow of the reaction mixture into the spectrometer 
cavity. Fig. 5B depicts the decay curve recorded more slowly 
than in Fig. 54. There appeared to be at least two different 
decay mechanisms, indicated by marks / and 2 on the curve. 
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Fie. 5. Decay curves of ascorbic acid free radical. The signal 
was obtained by adjusting the magnetic field to maximum of 
signal, then starting flow after a zero base was established. A. 
The first portion of decay only. The response of recorder was 60 
c.p.s. and the spectrometer, 100 usec. The chart speed was 20 
mm per sec. B. The same decay as in A, except that the chart 


Fig. 5C shows a similar decay curve in the presence of lower 
enzyme concentration. 

Dihydroxyfumaric Acid—The signal depicted in Fig. 6A was 
observed when 2 X 10-* m dihydroxyfumaric acid was added 
externally to a 2 X 10-° Mm enzyme and 2 X 10? m H.(: solu- 
tion, pH 4.8, under atmospheric conditions, and immediately 
transferred to the spectrometer cavity with a time delay of 
about 40 seconds. Anaerobic conditions were obtained in the 
flow system by bubbling pure N2 through both solutions in 
the stock bottles and then driving the solutions into the mixer 
with Ne. Aerobic conditions were obtained in the same manner, 
except that only Oz was used. The signal obtained under ana- 
erobic conditions is shown in Fig. 6B, which was obtained under 
continuous flow and decayed immediately to zero when flow 
was stopped. No signal was obtained under aerobic conditions. 


DISCUSSION 


A considerable amount of work utilizing the technique of 
electron paramagnetic resonance (EPR) to detect free radical 
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speed was only 4 inches per min., and recorder response was. 0.1 
second. The trace shows the complete decay curve to zero con- 
centration of radical. Points 1 and 2 indicate the apparent decay 
curves. C. Decay similar to that shown in B, except that the 
peroxidase concentration was reduced by a factor of 4. Response 
time of the spectrometer was 0.3 sec. 


production in typical enzyme-substrate oxidation-reduction re- 
actions has been reported (13-19). The systems studied most 
extensively have been the flavoprotein enzymes. For the most 
part the EPR signals that have been observed in these systems 
have been associated with the enzyme itself or with a change 
in valence state (i.e. to a paramagnetic state) of the metal 
in the metalloflavoproteins. Beinert and Sands (20) have shown 
by EPR that the free radical signals observed with cytochrome 
reductase were due to a re-oxidation of the enzyme itself. In 
no case has evidence been presented to associate the free radi- 
cal signal with the substrate undergoing oxidation or reduction. 

The electron paramagnetic resonance technique is valuable 
not only for detecting free radicals but can also be used to 
identify the type of free radical in a system. This identifi- 
cation is made possible by the existence of the hyperfine in- 
teraction. The unpaired electron can interact with other mag- 
netic nuclei in the molecule and split the initial energy level 
of the unpaired electron into multiple levels. This interaction 








Identification 





Fic. 6. Spectra obtained when dihydroxyfumarate was the sub- 
strate. A. The spectrum obtained by mixing enzyme (10-* m), 
substrate (2 X 10-? mM) and H.O2 (2 X 10-? Mm) at pH 4.8 externally 
and transferring to the cuvette under atmospheric conditions. 
B. This signal was observed with the flow system under anaerobic 
conditions. The flow rate was 8 ml per sec. No signal was ob- 
tained under completely aerobic conditions. 


is called the hyperfine interaction. The number of levels and 
the magnitude of the splitting depends upon the number of 
magnetic nuclei interacting with the electron, the spin quan- 
tum number of nuclei (J,) and the strength of the interaction 
(i.e. degree of overlap of the electron wave function with the 
individual nuclei). This interaction is sometimes called the I .S 
interaction. The number of lines observed due to the hyper- 
fine interaction and the magnitude of the splitting has been 
used quite successfully as a fingerprint for the identity of the 
free radical under observation (21). 

The electron paramagnetic resonance spectrum serves not only 
as a fingerprint for the free radicals but also is a direct meas- 
ure of the concentration of free radicals, since the total intensity 
of the spectral lines is directly proportional to the concentra- 
tion of free radical intermediates present. 

This ability to obtain the concentration of free radicals di- 
rectly from the spectra makes the technique quite useful for 
monitoring the kinetics of free radical reactions. Slow free radi- 
cal reactions are easily measured by merely following the free 
radical signal decay with time. The technique can also be used 
to study very rapid free radical reactions by applying liquid 
flow systems in conjunction with the spectrometer. The ap- 
plication is analogous to the use of an optical spectrophotometer 
with flow systems, except that the short lived intermediates 
observed can only be free radicals. Flow systems applied to 
EPR have the further advantage that the steady state con- 
centration obtained in typical continuous flow operations is 
determined directly from the spectra without any further knowl- 
edge of the nature of the intermediate yielding the signal ob- 
served. In the present work, electron paramagnetic resonance 
spectroscopy has been used to detect, identify, and follow the 
kinetics of the formation of free radicals from substrates and 
their subsequent decay, during the oxidation of ascorbic acid 
and hydroquinone by peroxidase-H.O, solutions. 

There is no doubt that free radicals generated during the 
peroxidatic oxidations of hydroquinone, ascorbic acid, and di- 


of Peroxidase-generated Free Radicals 
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hydroxyfumarie acid are derived from the substrates. The five. 
line pattern observed during the enzymic oxidation of hydro. 
quinone is identical with that obtained during the nonenzymie 
autoxidation of hydroquinone (22). The sharp doublet obtained 
from oxidized ascorbic acid, with a splitting of 1.7 gauss, is 
quite consistent with the structure of an ascorbic acid free radj- 
cal if one assumes that it is formed in the following manner, 





7 oO. R or 
Fe fee oe pe , iss 
H }§< H oe 
. ae 
HO OH HO O 


If the unpaired electron wave function is spread out over the 
five-membered ring, interaction with the C—H proton would 
yield a doublet with a splitting similar to that of the C—H 
couplings in p-semiquinone. It is unlikely that this function 
would overlap C—O—H,;; there is no evidence that the unpaired 
electron in p-semiquinone couples with the available hydroxy] 
hydrogen. The signals observed for dihydroxyfumaric acid were 
single assymetric lines, and can probably be assigned to the 
following free radical. 


HO. Ccoo- 


‘C=C 
_ Ky 
HOOC O- 
The rapid decay of the dihydroxyfumarate free radical made 
it impossible to measure its exact g value, which appeared to 
be, qualitatively, larger than those of the other free radicals 
observed. The single line is further evidence that the coupling 
of the electron in ascorbic acid free radical is to C—H hydro- 
gen rather than C—O—H. 
George (3) and Yamazaki (5, 23) have suggested that free 

radicals should be formed from substrate as intermediates in 
peroxidatic oxidation. The mechanism proposed is: 





Peroxidase + H.O:2 _* >» Compound I (1) 

Compound I + AH, = = Compound II + AH- (2) 

Compound II + AH, a Peroxidase + AH- (3) 
ka 


2AH- —“4, A+ AH; (or HA--AH-) (4) 


where AH: is the substrate electron donor, AH- the free radi- 
cal intermediate such as semiquinone, and A is the oxidized 
product. Writing the rate expressions for I, II, and AH- from 
these equations, the following are obtained. 


3 = k{E\{H.0.] — ke[1)[AH%) “ 
= = ka I[AHs] — kal LI[AHb] Ps 
a = ke[ T)[A He] + ks{LI[A He] -- 2kal AH - |? (7) 


In the reduction of peroxidase-H,O. Compound I, the second 
step (Equation 3) is usually rate determining, as indicated by 
Chance (4) and Yamazaki (23). The rate of AH- formation 
at the steady state would then be given by Equation 8: 
d|AH -] Ze 2E 
RES. 1 (8) 


ki[H2O2] + ks{ A Hg] 
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where E denotes the total peroxidase concentration. If we ap- 
ply the steady state approximations, d[I]/dé = 0, d[II]/di = 
0, and d[AH-]/dt = 0, and assume that free radicals disappear 
only by reaction with one another, as indicated in Equation 
4, the free radical concentration in the steady state condition 
would be described by Equation 9. 


E 
ka + ka (9) 
k{[H202]  ks[AH,] 


[AH ‘)e = 








If our assumptions are correct, the steady state concentrations 
of free radical should be proportional to [E]}#. Since k, [H.O.] 
is much larger than ks [AH,] in the case of ascorbic acid under our 
experimental conditions, the steady state concentration of free 
radicals would also be proportional to [AH;}', as shown by Equa- 


tion 10. 
(AH-], = kslE)[AH) |$ (10) 
[ka] 
The results in Table I confirm this relationship. When the 


enzyme concentration was reduced by four, the free radical 
concentration dropped by two. When the HO: concentration 
was dropped by four, there was no change in free radical con- 
centration. The accumulation of free radical reached a con- 
centration about 5 to 20 times that of enzyme under these 
conditions. This suggests that, in the main, the free radicals 
formed in this system are not combined with enzyme, but exist 
freely in solution. This is also shown by the identity of the 
hyperfine structure of enzymically and autoxidatively formed 
free radicals. We could find no kinetic evidence that Com- 
pound I or Compound II are reduced by free radical interme- 
diates to Compound II or to peroxidase, respectively. The 
free radicals which are formed during peroxidatic oxidation of 
substrates appear to be relatively poor substrates for peroxi- 
dase. 

We should mention another plausible mechanism, in which 
enzymic oxidation of AH: occurs essentially by simultaneous 
two-electron (or hydrogen) transfer, and the free radicals are 
produced by a secondary reaction between AH, and A, as fol- 
lows. 


peroxidase 
> 


AH, + H.0. A + 2H,0 (11) 
k 
AH, + A St 2AH- (12) 
a 
HJ[A 
[AH -], = [a } (13) 


According to this mechanism, the fluctuation of free radical 
concentration during the reaction should consist of two almost 
symmetrical increasing and decreasing phases, because the equi- 
librium (Equation 12) will be achieved very rapidly and sub- 
sequent changes in A (in the case of dehydroascorbic acid) 
(24) will have a negligible effect under these experimental con- 
ditions. Free radical concentration at the steady state should, 
according to this mechanism, be relatively independent of en- 
zyme concentration. Our experimental results are completely 
inconsistent with this requirement. 

No electron resonance signal at g = 2 was observed from 
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4 X 10-* m Compound II solution; elsewhere, it has been re- 
ported that a free radical signal corresponding to less than one 
free spin per 20,000 molecules of lyophilized Compound II is 
detectable (25). Even this low value is ambiguous, because 
the process of lyophilization of proteins in general is known to 
produce detectable free radical content.) 


SUMMARY 


Free radical intermediates generated during peroxidatic oxi- 
dations have been detected and identified, by means of elec- 
tron paramagnetic resonance spectroscopy. At the steady state 
obtained by a flow technique, the free radical concentration 
depended upon the concentration of enzyme, substrate, and 
peroxide in accordance with the following equation. 








E 
AH.-], = 
[AH-] iu Ye 
ki{H202) — ks[AHs] 
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Although the reversible oxidation of free p-8-hydroxybutyrate 
to acetoacetate in animal tissues was first observed many years 
ago (1, 2), relatively little is known about the properties and in- 
tracellular distribution of the dehydrogenase responsible for this 
reaction. In 1937 Green et al. (3) described a stereospecific di- 
phosphopyridine nucleotide-linked p-8-hydroxybutyric dehy- 
drogenase in respiratory particles from pig heart, distinct from 
lactic and malic dehydrogenases. The enzyme was also demon- 
strated to be present in liver mitochondria (4, 5) and the one-step 
DPN-linked oxidation of p-6-hydroxybutyrate to acetoacetate 
has been frequently used to study properties of the respiratory 
chain and of phosphorylations coupled to DPN-linked electron 
transport (4-7). In addition, McCann (8) has demonstrated 
oxidation of both stereoisomers of B-hydroxybutyrate by the 
mitochondria of a number of other normal tissues, and Emmelot 
and Bos (9) have shown oxidation of the p-isomer by mitochon- 
dria of certain tumors. 

This paper describes the assay and some kinetic properties of 
the dehydrogenase, its occurrence in various tissues and subcellu- 
lar structures, and the role of mitochondrial structure in the ac- 
tivity of the enzyme. The experiments also provide evidence of 
some factors affecting the accessibility of DPN to the mito- 
chondrial dehydrogenase. 


EXPERIMENTAL PROCEDURE AND RESULTS 


Materials and Methods—Rat ‘iver mitochondria were isolated 
from 0.25 m sucrose homogenates by the method of Schneider (10). 
Fractionation of tissue homogenates was carried out in 0.25 m 
sucrose by the general procedures of Hogeboom et al. (11). Op- 
tical measurement of the rate of reduction or oxidation of DPN 
at 340 my was carried out in a Beckman DU or Zeiss PMQ II 
spectrophotometer, either manually or with a recording attach- 
ment (12). 

Sonic disruption of mitochondria was carried out at 0° in a 
Raytheon oscillator at 9 ke. 

The DPN and DPNH were highest purity commercial prod- 
ucts (Sigma Chemical Company or Pabst Laboratories) and pL- 
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B-hydroxybutyrate and its stereoisomers were prepared as de- 
scribed by Lehninger and Greville (13). 

Assay of Activity—The following test system yielded approxi- 
mately optimal conditions for quantitative assay: 0.04 m Tris 
buffer pH 8.5, 0.05 m nicotinamide, 0.01 m cysteine, 0.002 
DPN, 0.02 m pL-§-hydroxybutyrate, 0.001 m sodium cyanide, 
and enzyme (added last) in a total volume of 3.0 ml. The in- 
crease in absorbancy at 340 my was read at 1.0-minute intervals 
in a 10 mm cell at 20°; the slight changes occurring in a control 
cell not containing substrate were subtracted. The cyanide was 
added to prevent reoxidation of DPNH by the cytochrome sys- 
tem. Nicotinamide and cysteine were necessary only when as- 
saying whole homogenates and crude preparations. 

Kinetic Properties of Dehydrogenase—Truly soluble prepara- 
tions of the dehydrogenase have not yet been obtained and there- 
fore it has been impossible to purify the enzyme substantially. 
However, active and stable particles containing the dehydrogen- 
ase have been obtained from rat liver mitochondria by mechanical 
vibration in the Mickle tissue disintegrator, by sonic disrup- 
tion, or by freezing and thawing, particularly in glycerol-contain- 
ing media. Preparations made by these methods (see below) 
were used to determine some of the parameters of activity of the 
dehydrogenase; the results are shown in Figs. 1 to 7. 

The pH activity curve of such a preparation is shown in Fig. 1. 
Although the shape of the curve varied slightly from one prepara- 
tion to another, the optimal pH ordinarily was between 8.0 and 
8.5. Fig. 2 shows that K,, for the substrate in mitochondrial 
subfragments prepared by mechanical vibration was 4.7 x 10- 
M, whereas particles prepared by digitonin treatment yielded a 
value of K, = 5.9 X 10-m. Even lower values have been ob- 
served with glycerol-treated preparations. Fig. 3 shows a graph- 
ical analysis of K ,, for DPN, measured with the concentration of 
pL-8-hydroxybutyrate held constant at 0.02 mM; a mean value of 
2.5 < 10-4 m was obtained, but this also varied somewhat with 
the preparative history of the enzyme. 

Fig. 4 shows the course of the reaction with time under the as- 
say conditions; a nearly linear rate was observed over the first 
2 to 3 minutes. In Fig. 5 it is seen that the test system yielded 
a linear response over a wide range of activity. 

Specificity of Enzyme—The rat liver enzyme is entirely specific 
for the p( —)-stereoisomer, as is shown in Fig. 6. Similar tests 
established the specificity of preparations from kidney and heart 
muscle; no evidence could be found for the occurrence of a DPN- 
or TPN-linked dehydrogenase for free L( +)-8-hydroxybutyrate. 

The liver enzyme is also entirely specific for DPN. Fig. 7 
shows that TPN is not effective as acceptor. Pullman et al. (14) 
have found that deamino-DPN is not reduced by 8-hydroxy- 
butyrate. 


2450 


August 


FIG. 
ase. 
0.01 M 
mu DP! 
pH of 
with 1 
2.0 mi 


but 
abl 





as de- 


)proxi- 
M Tris 
002 u 
anide, 
‘he in- 
ervals 
ontrol 
le was 
le sys- 
en as- 


epara- 
there- 
tially. 
rogen- 
anical 
isrup- 


elow) 
of the 


Tig. 1. 
para- 
0 and 
ndrial 
10-4 
ded a 
n ob- 
raph- 
ion of 
ue of 
with 


1€ as- 
first 
elded 


ecific 


heart 
)PN- 
Tate. 
ig. 7 

(14) 


roxy- 





August 1960 


0.6 


a 0.5 
E 


Oo 04 
Ns 


ce 0.3 F 
3 o2b 


0.1 





ie 


9 10 


i 
6 7 





I 
8 
pH 

Fic. 1. pH activity curve of p-8-hydroxybutyric dehydrogen- 
ase. The test medium contained 0.04 m Tris, 0.05 m nicotinamide, 
0.01 m cysteine, 0.03 m pL-8-hydroxybutyrate, 0.001 m KCN, 0.002 
m DPN?t, and 0.2 ml of enzyme in a total volume of 3.0 ml. The 
pH of the medium was adjusted with NaOH or HCl and measured 
with the glass electrode. Temperature, 21°; time of reaction, 
2.0 minutes. 
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Fic. 2. Effect of substrate concentration. The test system 
contained 0.04 m Tris pH 8.5, 0.01 m cysteine, 0.001 m KCN, 0.002 
mM DPN*, 0.03 m nicotinamide, and enzyme in a total volume of 
3.0 ml. Substrate concentrations as shown. Temperature, 21°. 
Reaction velocity (V) was expressed as the % fraction of Vmax. 





Mitochondrial Structure and Activity of p-8-Hydrorybutyric De- 
hydrogenase—Intact liver mitochondria seem to be nearly im- 
permeable to external DPN+ and DPNH, which do not react 
readily with the respiratory chain (15) or with malic and glu- 
tamic dehydrogenases of mitochondria (16, 17). Limited reac- 
tivity of dehydrogenases with added pyridine nucleotides has 
also been observed in beef heart mitochondria (18). The pv-6- 
hydroxybutyric dehydrogenase of intact rat heart and rat liver 
mitochondria was also found to be unreactive with external DPN, 
but after mechanical vibration of the mitochondria, consider- 
able activity was evoked (Table I), presumably by damage to 
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Fig. 3. Effect of DPN* concentration. 
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with 6-hydroxybutyrate held at 0.02 m. 
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Fic. 4. Reaction rate. Test system as in Fig. 1; pH held at 8.5 
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Fic. 5. Effect of enzyme concentration. Details as in Fig. 1, 
with absorbancy measurements made at 2.0 minutes. 


the membrane. A study of various treatments of mitochondria 
was carried out in order to establish optimal conditions for 
evoking dehydrogenase activity; results are shown in Table IT. 
Relatively drastic procedures are necessary to evoke activity of 
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Fig. 6. Stereospecificity of dehydrogenase. Details as in Fig. 
1, with 0.05 m L-isomer or 0.066 m pL-8-hydroxybutyrate (BOH) 
added at points shown. 
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Fig. 7. Specificity of DPN. Details as in Fig. 6, with 0.03 m 
pL-8-hydroxybutyrate, 0.005 m TPN, and 0.0067 m DPN*t. 


the enzyme. The most effective means which was adopted as 
standard treatment in preparing tissues and tissue fractions for 
assay of the activity of the dehydrogenase was sonic vibration 
at 9 ke. for 10 minutes at 2°; this procedure has also been found 
effective with beef heart mitochondria (18). 

The enzyme activity unmasked by sonic treatment is not re- 
leased in soluble form, but remains completely attached to the 
particulate material. This finding is thus in sharp contrast to 
the properties of mitochondrial glutamic and malic dehydrogen- 
ases, which are released in soluble form not only by sonic treat- 
ment (18), but also by much milder procedures such as exposure 
to distilled water (16, 17). 

The relative reactivity of mitochondrial B-hydroxybutyric de- 
hydrogenase to DPN+ and DPNH, in the forward and reverse 
reactions was also examined in intact and sonically treated rat 
liver mitochondria (Fig. 8). It is seen that in fresh intact mito- 
chondria neither the forward nor reverse reactions with external 
nucleotides occur; sonic treatment evokes activity in both direc- 
tions. 

Tissue Distribution of p( —)-8-Hydroxybutyric Dehydrogenase— 
The 8-hydroxybutyric dehydrogenase activity of the major or- 


b-$-Hydroxybutyric Dehydrogenase 


Vol. 235, No. 8 


gans of the albino rat was determined by assaying dilute homog- 
enates which had first been subjected to sonic treatment. The 
data in Table III show that liver has by far the largest activity of 
dehydrogenase. Kidney, adrenal gland, heart, and Harderian 


TaBLe | 


Effect of low frequency vibration on dehydrogenase activity 
of mitochondria 
Activity assayed at pH 8.5 in test system shown in Fig. ], 
Where shown, the mitochondria, suspended in 0.25 m sucrose, 
were subjected to vibration for 9.0 minutes at 0° in Mickle appara- 
tus with glass beads before assay. 





Specific activity 
Source of mitochondria 





Intact 


| After vibration 





pmoles DPNH/mg protein/hr 
0.00 3.33 
0.72 4.90 


1. Rat liver 
2. Rat heart 








TaBLeE II 
Effect of various treatments in releasing activity of 
p-B-hydrorybutyric dehydrogenase 
Activity assayed as in Table I. Rat liver mitochondria used 











throughout. 
| Activity 
Treatment | 
DPNH formed/g liver/ 
hr at 20° 
pmoles 
1. None 0.00 
2. Vibration for 3.0 min (Mickle) 560.0 
3. Sonic vibration for 10 min (9 kc.) 1200.0 
4. Waring Blendor for 5 min 79.2 
5. Ultrasonic vibration 0.5 
6. 1% digitonin + vibration (Mickle) 25.2 
7. 50% glycerol 98.5 
8. Tween 80 (5%) 0.0 
9. 50% glycerol + Waring Blendor 59.0 
10. Freezing and thawing 45.5 
11. Aging 24 hrs at 0° (0.25 m sucrose) 142.0 
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Fic. 8. Effect of mitochondrial structure on forward and re- 
verse reactions. System contained 0.02 m p.-6-hydroxybutyrate 
and 0.001 m DPN* (forward direction) or 7 X 10-§ DPNH and 
0.001 m acetoacetate (reverse direction), 0.04 m Tris buffer pH 
7.4, 5 X 10-§'m KCN in 1.0 ml system; 22°. 
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TaBLeE III 
p-8-Hydroxybutyric dehydrogenase activity of rat tissues 
5% tissue homogenates in 0.01 m succinate-0.001 m ethylene- 
diaminetetraacetate-0.001 m ATP-0.001 m DPN, pH 7.4, were 
subjected to sonic oscillation for 10 minutes at 9 kc. and assayed 
immediately. 














Activity 
Organ 
DPNH formed/g of tissue/hr 

(20°) 

mo: pmoles 
1. Brain 58 
2. Liver 1255 
3. Heart 104 
4. Spleen 28 
5. Kidney 162 
6. Skeletal muscle 23 
7. Testis 22 
8. Adrenal 102 
9. Pancreas 30 
10. Thyroid 0 
11. Harderian gland 155 





gland are next most active, whereas several other tissues gave 
quite low values. These can be regarded only as approximate 
and possibly minimal values, however, since the method of sonic 
pretreatment used may not give maximal release of activity in 
the case of all the tissues examined. Except for pancreas, the 
homogenates prepared as described retained nearly full activity 
on storage at 0° for 18hours at least. In Table IV are shown data 
on the activity of the dehydrogenase in the liver of different spe- 
cies. It is perhaps remarkable that the albino rat and guinea 
pig show extremes of activity; rat liver showed by far the greatest 
activity whereas guinea pig liver contained less than 7% of the 
activity of rat liver. These are considered significant differences 
since the values for these species were the averages of assays on 
at least 5 animals. 

Intracellular Distribution of Dehydrogenase—The distribution of 
the enzyme has been examined also in rat liver and rat heart, 
after fractionation of 0.25 mM sucrose homogenates by the methods 
of Hogeboom et al. (11) and Plaut and Plaut (18a), respectively. 
Each of the fractions obtained was assayed for activity before 
and after mechanical vibration in the Mickle disintegrator. The 
results (Table V) show that neither the homogenate nor the sep- 
arated fractions show significant activity in reduction of DPN in 
the assay system before vibration. After treatment, considera- 
ble activity is unmasked in the homogenate and in the mito- 
chondria, but there is no significant activity in the microsomes 
or soluble fraction. Most of the activity of the homogenates is 
in the mitochondria; the activity present in the “nuclear” frac- 
tion is probably caused by the presence of mitochondria and un- 
broken cells. 

Effect of Mitochondrial Swelling Agents on Reactivity of Dehy- 
drogenase with External DPN—Swelling agents such as phos- 
phate and thyroxine cause complete loss of mitochondrial DPN 
(19, 20), suggesting that during swelling permeability toward 
DPN increases greatly. However, the experiments of Table VI 
show that the reactivity of mitochondrial B-hydroxybutyric de- 
hydrogenase with external DPN is evoked to the extent of only 
4% by swelling with thyroxine and only 26% by very long ex- 
posure (70 minutes) to phosphate. Exposure to hypotonia media 
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evoked only 8% of the activity; in contrast this procedure re- 
leases full activity of glutamic and malic dehydrogenases (16, 17). 
Glutathione (cf. 21, 22) was most rapid in action, but evoked only 
21% of the B-hydroxybutyric activity. These findings show that 
different swelling agents vary widely in their effectiveness in mak- 
ing DPN accessible to 6-hydroxybutyric dehydrogenase and that 
different DPN-linked dehydrogenases in mitochondria are not 
equally accessible to DPN. 

Attempts to Solubilize Dehydrogenase—A great many attempts 
have been made to obtain the dehydrogenase from rat liver mito- 
chondria in truly soluble form as a first step toward its purifica- 
tion, a goal that appeared reasonable in view of the fact that all 
other known DPN-linked dehydrogenases are easily brought into 
solution. None of these efforts succeeded. The procedures 
tested included extraction of the sonic fragments with salts and 
buffers, treatment with a variety of alcohols (with or without 
phosphate), exposure to detergents such as bile salts, digitonin, 
and so forth, extraction of lipids with acetone or isooctane, and 
ultrasonic treatment. Such particles were also treated enzy- 
matically with phospholipases C and D, subtilisin, ribonuclease, 
trypsin, and the venoms of Naja naja and Crotalus adamanteus. 
Although some of these treatments are capable of solubilizing a 
great deal of protein, in no case was the enzyme found in the 


TaBLe IV 
p-8-Hydrozybutyric dehydrogenase activity 
in livers of different species 
For details see Table ITI. 




















Activity 
Species No. of animals 
DPNH found/g of 
tissue/hr (20°) 

pmoles 

Albino rat 5 1141 
Guinea pig 6 71 
Rabbit 1 203 
Dog 1 256 
Rhesus monkey 1 310 
Mouse 1 792 
Cat 1 325 
Leopard frog 1 155 

TABLE V 
Distribution of p-8-hydroxybutyric dehydrogenase in rat 
liver fractions 


Assayed before and after vibration for 9 minutes in Mickle 
apparatus. 














Specific activity 
sini DPNH formed/mg of protein/ a. 
Before After 
vibration vibration 

pmole umoles % 
1. Whole homogenate <0.1 4.04 (100) 
2. Nuclei (plus unbroken cells; <0.1 6.9 35 

mitochondria) 

3. Mitochondria <0.1 17.5 62 
4. Microsomes <0.17 <0.1 <1 
5. Soluble <0.1 <0.28 <2 
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TaBLeE VI 
“Unmasking” of dehydrogenase activity by swelling agents 

Rat liver mitochondria from 120 mg of tissue were added to 
6.0 ml of 0.125 m KCI-0.02 m Tris, pH 7.4, containing the swelling 
agents shown, and the rate of swelling followed by measuring 
decline of absorbancy at 520 my at 25°. At time intervals shown, 
0.5 ml aliquots were withdrawn and added to the 3.0 ml dehydro- 
genase assay system, at pH 7.4, and the rate of reduction of DPN*t 
determined. The maximum activity (100%) was that of an 
equivalent amount of sonically treated mitochondria. The swell- 
ing agents themselves in concentrations added had no effect on 
the activity of the sonically treated preparation. 








Loss of 
Pa Dehydro- 
* Time of initial ab- 
Swelling agent swelling ——_ activity 
min % % 
1. None (spontaneous swelling) 0.5 0 0 
20 1 0 
70 50 8 
2. 0.04 m phosphate 20 58 12 
70 66 26 
3. 0.01 m glutathione 4 95 21 
42 95 21 
4. 3 X 10° m L-thyroxine 70 35 4 
5. Hypotonic (medium was 0.01 m 4 59 0 
Tris) 42 66 8 














supernatant fraction after 30 minutes of centrifugation at 100,- 
000 xX g. 

Many of the kinetic properties of the enzyme described here 
have been arrived at by studying somewhat “purified” but still 
particulate preparations. Such particles generally contain dia- 
phorase, cytochrome c reductase, and cytochrome c oxidase ac- 
tivity, as well as ATPase activity, but they do not catalyze 
oxidative phosphorylation. The following method yielded the 
most stable and active preparations obtained in this study. 

Washed rat liver mitochondria are suspended in about 20 vol- 
umes of 0.03 m KCI-0.001 m ethylenediaminetetraacetate, pH 
7.4, and subjected to sonic oscillation for 15 minutes at 2-4° and 
9kc. The nearly transparent suspension is centrifuged at 100,- 
000 x g for 40 minutes and the supernatant fraction discarded. 
The pellet is now suspended in 9 volumes of the KCl-ethylene- 
diaminetetraacetate mixture and again subjected to the sonic 
treatment described. The resulting particles retain over 70% of 
the original activity after 5 days storage at 2-4°. 


DISCUSSION 


The specificity of the 6-hydroxybutyric dehydrogenase for the 
p-stereoisomer and for DPN confirms the earlier work of Green 
et al. (3) on heart particles. The kinetic findings on the optimal 
pH and affinity for 6-hydroxybutyrate and DPN, although at 
present suitable for defining quantitative assay conditions, will 
undoubtedly require revision when a purified soluble preparation 
of the dehydrogenase becomes available, since the measured affin- 
ities depend somewhat on the state of subdivision of the mito- 
chondrial particles containing the enzyme. 

It appears significant that the enzyme is found only in the 
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mitochondria, and is not present in detectable amounts in the 
microsomes or soluble fraction of the liver or heart. This ob. 
servation, in addition to the fact that the B-hydroxybutyric de. 
hydrogenase is one of the very few dehydrogenases ubiquitously 
present in various types of submitochondrial respiratory particles 
(6, 23-27, etc.), suggests the possibility that the dehydrogenase 
may have some more specific function in energy-coupled electron 
transport than simply as one of many DPN-linked dehydrogenases 
feeding into the respiratory chain. The oxidation of 6-hydroxy- 
butyrate in mitochondria differs from the oxidation of other 
DPN-linked substrates with respect to its sensitivity to the anti- 
biotics oligomycin and nigericin (28). Similarly, Chappell and 
Greville (29) have noted rather specific effects of B-hydroxybutyr- 
ate, compared to other substrates, in activating mitochondria] 
swelling. 

It should be kept in mind in considering the function and dis- 
tribution of this enzyme that the role of the p-stereoisomer of 
8-hydroxybutyrate and its dehydrogenase in ketone body and 
fatty acid metabolism is now unknown or at the least quite ob- 
scure (30), in view of the finding that it is the L-stereoisomer 
which is involved in fatty acid oxidation (13, 30-34). 

It appears possible that the specific role of the dehydrogenase 
is defined by the experiments of Devlin and Bedell (35), who have 
recently shown that under certain circumstances either p-8-hy- 
droxybutyrate or acetoacetate may serve catalytically in the 
oxidation of external DPNH by rat liver mitochondria. The ex- 
periments described in this paper show that external DPNH is 
not oxidized by added acetoacetate in intact liver mitochondria 
when respiration is blocked. These findings suggest that the 
“shuttle” proposed by Devlin and Bedell may require some initial 
change or swelling and may not proceed with completely intact 
mitochondria. Thus the action of intracellular swelling agents, 
such as phosphate, thyroxine, Ca++, and glutathione on accessi- 
bility of the mitochondrial dehydrogenase to external DPNH 
may be of considerable relevance to the action of this “shuttle” 
mechanism for introduction of extramitochondrial DPNH into 
the respiratory chain. 

Studies in progress indicate that the stability of the 6-hydroxy- 
butyric dehydrogenase to various treatments differs very signifi- 
cantly from that expected of a simple, soluble DPN-linked dehy- 
drogenase, suggesting that it has a more complex structure and 
reaction requirements than anticipated for this class of enzymes. 
Such factors may be responsible for the failure to obtain soluble 
active preparations. 


SUMMARY 


1. The kinetic properties of p-8-hydroxybutyric dehydrogenase 
as it occurs in particulate fractions obtained from mitochondrial 
fragments have been examined. The enzyme is specific for the 
p-stereoisomer (K, = 4.7 X 10-4 M) and for diphosphopyridine 
nucleotide (DPN) (K,, = 2.5 * 10-4 m); the optimal pH is 8.0 
to 8.5. 

2. The enzyme is found only in mitochondria in tightly bound 
form; it is absent in microsomes or soluble fractions. 

3. The dehydrogenase is widely distributed in rat tissues, with 
highest amounts found in the liver. However, there are wide 
variations in the liver enzyme content in different species. 

4. Fresh tissue homogenates or freshly prepared mitochondria 
show essentially no p-8-hydroxybutyric dehydrogenase activity 
when tested with added DPN* as acceptor; activity is yielded 
only after disruption of mitochondria by relatively drastic means, 
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the most effective being sonic vibration. Permeability or ac- 
cessibility barriers to DPN+ and DPNH appear to be responsible 
for this effect. The dehydrogenase is not made soluble by these 
treatments. 

5. Swelling of rat liver mitochondria by phosphate, thyroxine, 
glutathione, or hypotonic conditions causes “unmasking” of only 
small fractions of the total 8-hydroxybutyric dehydrogenase ac- 
tivity with DPN* as acceptor. 

6. Attempts to dissociate the enzyme in soluble form from 
mitochondrial membranes by a wide variety of methods have 
failed; the enzyme remains attached to particles with DPN-cyto- 
chrome reductase activity. 
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Note Added in Proof—Since this manuscript was submitted 
D.S. Bendall and C. DeDuve (Biochim. J., 74, 444 (1960)) have 
published a report on the activation of glutamic, malic, and p-8- 
hydroxybutyric dehydrogenases of rat liver mitochondria, which 
are in consonance with the data reported here. Also, G. D. 
Greville and J. B. Chappell (Biochim. et Biophys. Acta, 33, 267 
(1959)) have published data on activation of mitochondrial 
rhodanese, including the effect of the swelling agents thyroxine 
and phosphate, with which the findings on p-8-hydroxybutyric 
dehydrogenase reported here may be compared. 
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In previous papers of this series we have demonstrated that 
cell-free preparations obtained from chick embryos are capable 
of catalyzing the individual reactions of the citric acid cycle as 
well as a number of typical reactions of terminal electron trans- 
port (1, 2). It has been shown that the activities of these en- 
zymes vary as a function of embryonic development. Other 
workers have employed different methods to show that the 
tissues of the chick embryo can carry out the reactions of re- 
spiratory metabolism (3-7). 

Yet Potter and Dubois (8) were unable to detect cytochrome 
c before the sixth day of development and Yaoi (9) maintained 
that the embryo contained no cytochrome c before the fourth 
day of development. A lack of this cytochrome would appear 
to be totally incompatible with the observations cited above. 
Carey and Greville (7), on the other hand, were able to demon- 
strate by means of the hand spectroscope the presence of cyto- 
chromes a, b, c, and ¢; in tissues of the 5-day-old chick embryo. 
In the present study spectrophotometric methods have been 
used to demonstrate the presence and some of the metabolic 
reactions of the various cytochromes in particles isolated from 
4-day-old, and from the hearts and livers of 14-day-old chick 
embryos. 

Coenzyme Q, a benzoquinone derivative, has been shown to 
be intimately associated with the processes of mitochondrial 
electron transport in adult vertebrates (10-19). We have been 
able to demonstrate the presence of this quinone in a number of 
tissues of the chick embryo, and to obtain some preliminary 
evidence for its functional role. 


EXPERIMENTAL PROCEDURE 


Tissue Preparations—Unincubated embryonated eggs from 
New Hampshire Red x Rock Cornish chickens were obtained 
from Indiana Farm Co-operative, Indianapolis. The eggs were 
incubated and treated as previously described (1). The tissue 
was excised, and classified according to the method of Hamburger 
and Hamilton (20). 

Cell Fractionation—The fractionation technique used in our 
earlier work (1) could not be applied here since polyvinylpyrroli- 
done interfered with the spectrophotometry and some of the 


* Supported by Grant in-Aid H-2177 from the National Heart 
Institute, United States Public Health Service, and a Program 
Grant of the American Cancer Society. Publication No. 928 of 
the Department of Chemistry, Indiana University. 

+ Submitted to the Graduate School of Indiana University in 
partial fulfillment of the requirement for the Ph.D. degree. Pres- 
ent address, Graduate Department of Biochemistry, Brandeis Uni- 
versity, Waltham, Massachusetts. 


extraction procedures. The method used in this investigation 
was a modification of that described by Hogeboom (21): mito- 
chondria were sedimented at 11,500 X g for 20 minutes and after 
washing resedimented at 21,000 x g for 60 minutes. 

Methods for Obtaining Cytochrome Difference Spectra—Freshly 
isolated mitochondria were made up to a volume of 9.5 ml with 
0.25 m sucrose, in 0.1 m tris(hydroxymethyl)aminomethane 
buffer, pH 7.4. Two reaction mixtures were prepared in glass- 
stoppered test tubes: the sample contained 3.0 ml of the mito- 
chondrial suspension, 0.2 ml of sodium succinate (240 mm), 0.1 
ml of sodium azide (90 mm), and 0.1 ml of ADP (3 mm). The 
blank contained 3.0 ml of the mitochondrial preparation, 0.02 
ml of Amytal (0.062 g per ml in 95% ethanol), and 0.38 ml of 
water. The sample was flushed with nitrogen, and oxygen was 
bubbled into the blank. Both reaction mixtures were incubated 
for 30 minutes at 37°. At the end of the incubation period 0.3 
ml of sodium deoxycholate (2 g per ml) was added to each mix- 
ture. The spectrum of the sample versus the blank was then 
rapidly taken by means of a Cary model 11 recording spectro- 
photometer with a slide-wire giving full scale deflection for an 
A = 0.100. 

Extraction and Determination of Mitochondrial Coenzyme Q— 
Freshly isolated mitochondria were resuspended in 0.25 m su- 
crose buffered at pH 7.4 as before, to yield a final concentration 
of 30 to 50 mg of protein (biuret) per ml. Two methods for 
the extraction of coenzyme Q-like components were employed. 

(a) Acetone extraction: the direct procedure developed by 
Lester and Fleischer (17) for the isolation of coenzyme Q from 
adult heart mitochondria was used. The acetone extract was 
evaporated to dryness on a rotary flash evaporator, and the 
yellow residue dissolved in 1 to 2 ml of 95% ethanol. Spectra 
were taken in this solvent by means of the Cary model 11 re- 
cording spectrophotometer. The reduced spectra were obtained 
by the addition of a small volume of concentrated aqueous KBH, 
directly to the cuvette. 

(b) Cyclohexane extraction: the techniques described by 
Green et al. (19)! for the isolation and determination of Qi? in 


1 And private communication. 
2 Qio is an abbreviation for 


CH; 
CH—¢—CH,)..H (12, 13, 22). 





This compound is identical with that referred to as ubiquinone- 
(50) by Morton et al. (23). 
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its oxidized and reduced forms, from aqueous particle suspen- 
sions was adapted for use with preparations of embryonic origin; 
the particles were treated with HClO, (final concentration 0.2 
m) and extracted with cyclohexane (5 ml per each 2 ml of sus- 
pension). The ternary mixture was centrifuged, the cyclohex- 
ane layer removed and evaporated to dryness as before, the 
residue taken up in 95% ethanol and the spectra examined. Re- 
duction with KBH, as before and determination of the AAxs 
(oxidized — reduced) permits the calculation of the concentra- 
tion of oxidized coenzyme Q in the steady state; Aayy,, i.e. the 
differential absorbancy of a solution containing 10 mg of Qio per 
ml is taken as 142 (12); assuming the molecular weight of Quo 
to be 849.3 this leads to a Aeny, the differential millimolar 
extinction coefficient, for Qyo-like compounds of 12.08. For a 
determination of the total coenzyme Q in the preparation a sec- 
ond aliquot of the particle suspension was mixed with an equal 
volume of mM KH2PO, and the mixture heated in a boiling water 
bath for 15 minutes. This procedure converts coenzyme Q 
entirely to the oxidized form. The cooled suspension was then 
treated with cyclohexane, and the rest of the procedure followed 
as above. 

Paper Chromatography—Fifty microliters of authenthic Quo, 
vitamin Ky, and d-a-tocopherol, as well as 50 to 100 ul of the 
cyclohexane or acetone extracts, prepared as described above, 
were spotted on sheets of Whatman 3 MM chromatographic 
paper, previously impregnated with Dow Silicone Fluid 550. 
The chromatograms were then developed by the ascending tech- 
nique using the n-propanol-H,O systems (4:1 and 7:3) described 
by Lester and Ramasarma (22). 

After development the chromatograms were dried and various 
compounds identified and characterized by the following meth- 
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ods: (a) reaction with KMnQ, (22); (0) reduction of neotetra- 
zolium chloride either with (oxidized form) (22), or without 
(reduced form) prior reduction with KBH,; (c) the sensitive 
quinine sulfate spray for phosphate derivatives, described by 
Rorem (24); and (d) a visual observation for yellow color. 

Spectra—All spectra were taken with the Cary model 11 spec- 
trophotometer, with the use of cells with a path length of 1.00 
em, and either a 00.100 or a 0-2.50 absorbancy slide-wire. The 
spectra shown in the various figures are tracings of the original 
recordings. 

Materials—DPNH and cytochrome c were obtained from the 
Sigma Chemical Company. The cytochrome was reduced, when 
required, by the method of Smith (25). Amytal was a gift of 
Dr. O. K. Behrens, Eli Lilly and Company. Antimycin A was 
purchased from the Wisconsin Alumni Research Foundation, 
Madison, Wisconsin. We are indebted to Professors David E. 
Green and F. Crane, as well as to Dr. Karl Folkers of Merck 
Sharp and Dohme for the samples of coenzyme Q (Qio) used as 
standards in this investigation. The other standards used were 
Vitamin K,, Vitamin E (d-a-tocopherol), and Vitamin A (ace- 
tate), purchased from Nutritional Biochemicals; all appeared to 
be chromatographically pure in the two solvent systems used. 
All solvents were spectral quality grade, and the water was 
doubly glass distilled. 


RESULTS 


Cytochrome Difference Spectra 


Fig. 1 shows the difference spectrum obtained when heart 
mitochondria of 14-day-old chick embryos were reduced with 
succinate. Absorption bands due to cytochromes a, a3, 6, and 
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Fic. 1. The cytochromes of embryonic heart mitochondria. 


Difference spectrum obtained by the method described in the text 


with mitochondria isolated from the hearts of 14-day-old chick embryos. Protein content: 15.1 mg X ml". 
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Fig. 2. The cytochromes of embryonic liver mitochondria. 


ce in addition to that of flavoprotein may be seen. A rough 
approximation of the relative content with regard to the various 
cytochromes present may be made by the method of Chance and 
Williams (26) as modified by Raw and Mahler (27). This in- 
volves the use of extinction coefficients determined with optically 
pure preparations of individual cytochromes, and the use of 
wave lengths where interference between them is at a minimum. 

The values used for spectra and extinction coefficients were: 
for cytochromes a and az, the spectra of Smith (28) and extinc- 
tion coefficients of Keilin and Hartree (29); for cytochrome b, 
spectrum and extinction coefficients of Hubscher et al. (30); for 
cytochrome c, the spectra of Margoliash (31) and the extinction 
coefficients of Chance and Williams (32). The following equa- 
tions were used to calculate the approximate concentrations of 
the various cytochromes in the preparations: 


AOD 445 — AOD 455 = 43.8 (as) 
AOD 605 — AOD 630 = 9.1 (a) 
AOD 564 — AOD 575 = 15.2 (b) 
AOD 550 — AOD 540 = 19.0 (c)? 


The values in brackets refer to the millimolar concentrations of 
the respective cytochromes. With these equations and the spec- 
trum of Fig. 1 it can be seen that the approximate molar ratios 
of the cytochromes were close to unity. 


a3:a:bic = 1.0:1.4:1.1:1.0 
Fig. 2 shows the difference spectrum obtained with mitochon- 
dria from the livers of 14-day-old chick embryos. Absorption 
bands due to cytochromes a, az, 6, c, and flavoprotein may be 
seen. Approximate values for the relative cytochrome content, 
calculated as described above, were as follows: 


a3:a:bic = 1.5:1.1:1.1:1.0 
Once again the values were close to unity. 


3 Cytochromes c and ¢. 


Difference spectrum obtained with mitochondria by the method 
described in the text isolated from the livers of 14-day-old chick embryos. 


Protein content: 20mg X ml}. (F.p. is flavoprotein.) 

Fig. 3 shows the difference spectrum observed with mitochon- 
dria obtained from 4-day-old chick embryos. Since it was dif- 
ficult to obtain this tissue in large amounts the spectrophoto- 
metric analysis was carried out on a dilute homogenate. In 
this experiment the error due to light scattering was large enough 
to interfere with the quantitative determinations of the cyto- 
chromes. Qualitatively, cytochromes a, a3, b, and c were seen 
to be present in this tissue. 

Fig. 4 shows the same preparation reduced with sodium dithi- 
onite. Since no new peaks emerged on complete reduction it 
can be inferred that the cytochromes present were all functional. 

Microsomes were prepared from the livers of 14-day-old chick 
embryos and were washed two times with 0.25 m sucrose. A 
difference spectrum was obtained with this preparation using 
sodium dithionite as the reducing agent and is shown in Fig. 5. 
The spectrum appears to be mainly that of cytochrome b; (33, 
34). Slight amounts of contaminating pigment may be attrib- 
uted to the presence of disintegrated mitochondrial fragments 
in the microsomal preparation.‘ 

Antimycin A was found by Ahmad et al. (35) to have a power- 
ful inhibitory effect on cellular respiration. Potter and Reif (36) 
subsequently showed that it inhibited DPNH oxidase. An in- 
hibition of embryonic DPNH oxidase by the antibiotic was 
reported in a previous paper of this series (2). Duffey and 
Ebert (37) have reported that the antibiotic inhibits the differ- 
entiation of heart tissue in the early chick embryo. In adult 
tissue antimycin A is believed to act at a site between cytochrome 
b and cytochrome ¢; (32, 38, 39). 

Fig. 6 shows the difference spectrum of antimycin A-inhibited 
heart mitochondria obtained from 14-day-old embryos. The 
solid trace, which represents the spectrum taken immediately, 
shows the reduction of cytochrome 6 with some reduction of the 


4 Mitochondria obtained from embryonic preparations appear 
to be more fragile than their adult counterparts. Experimental 
data related to this will be presented in a future publication. 
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Fig. 3. The cytochromes of mitochondria from 4-day embryos. 








homogenate of whole 4-day-old chick embryos. Method described in the text. 
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Difference spectrum obtained with mitochondria isolated from a 
Protein content: 9.2 mg X ml". 





same preparation by succinate is measured. 


(a + as) and c components, possibly due to the intervention of 
an antimycin A-insensitive pathway. 

After standing for 2 hours or more at room temperature the 
nature of the spectrum changed drastically. The dotted trace 
shows the spectrum after the preparations had stood for 6 hours. 
The extent of reduction of cytochrome b had decreased consider- 
whereas that of (c + c:) and (a + as) had increased 
perceptibly. 
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Fig. 4. The hemoproteins of mitochondria from 4-day embryos. 
4-day-old chick embryos and completely reduced with dithionite. 
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Spectrum of mitochondria isolated from a homogenate of whole 
This is to be contrasted with Fig. 3 where the reduction of the 


Fig. 7 shows that a similar situation prevailed when mitochon- 
dria from livers of 14-day-old embryos were enzymatically re- 
duced in the presence of antimycin A. 

There are a number of possible explanations for the phenomena 
observed. It is possible, for instance, that the deoxycholate 
liberated from the preparation a component capable of binding 
antimycin A more strongly than the inhibitable respiratory 
factor. The reversal of inhibition would then be similar to the 
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Fia. 5. The hemoproteins of embryonic microsomes. Spectrum of microsomes isolated from the livers of 14-day-old chick embryos 
and completely reduced with dithionite; protein content 10 mg X ml-!. 











| | | 








| p 





410 425 450 475 500 525 


1 i i 
550 575 600 625 650 


A (m4) 


Fig. 6. The effect of antimycin A on the cytochromes of em- 
bryonic heart mitochondria. Difference spectrum obtained with 
mitochondria isolated from the hearts of 14-day-old chick em- 
bryos. The blank (oxidized) was made up as described in the 
text whereas the experimental sample contained 50 ug of antimy- 
cin A (added as 0.1 ml of a 0.05% solution in 95% ethanol) instead 


albumin reversal found by Reif and Potter (39). Alternatively 
the deoxycholate may have acted by liberating mitochondrial 
cytochrome c, causing electron transport to by-pass the inhibit- 
able factor between cytochromes b and c. The reaction could 
then proceed by means of a direct cytochrome c reductase and 
cytochrome c oxidase pathway. This would be somewhat analo- 
gous to the “opening” phenomenon described by Green et al. 
(40). Finally the cytochrome 6 may have been “‘squeezed out” 


of azide. Both samples were incubated at 37° for 40 minutes and 
were continuously saturated with O2 during this incubation pe- 
riod. At its end deoxycholate was added and the spectra taken 
immediately. (——); after 6 hours (--—-). Protein content: 
13.1 mg X mI'. 


of the sequential chain of cytochromes, and the reaction may 
have assumed a pattern similar to that observed by Chance (41) 
in a nonphosphorylating or otherwise partially degraded prep- 
aration. 

In any event the extensive reduction of cytochrome b observed 
initially is a strong indication that the particles used during this 
investigation were intact phosphorylating mitochondria rather 
than some degraded type of electron transport particle. 
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Fig. 7. The effect of antimycin A on the cytochromes of embryonic liver mitochondria. 
mitochondria isolated from the livers of 14-day-old chick embryos. 
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Fig. 8. Spectra of a cyclohexane extract of embryonic mito- 
chondria. Mitochondria (protein content 564 mg) were isolated 
from the livers of 316 13-day-old chick embryos, deproteinized 
with HCl0,, and extracted with cyclohexane. After evaporation 
to dryness the residue was taken up in 2.5 ml of 95% ethanol. 
For the curve marked S the spectrum of 0.3 ml of this solution 


Occurrence of Coenzyme Q 
Spectrophotometric Evidence—When mitochondria isolated from 
the hearts or livers of 13- or 14-day-old chick embryos were 
extracted by any of the methods devised for the isolation of 
coenzyme Q, as described above, and their spectra examined, 
curves similar to that shown in Fig. 8 were obtained. Here S 


diluted to 0.9 ml with ethanol was taken directly. The spectrum 
marked Red is that of the same solution reduced with KBH,. For 
the spectrum marked Oz another aliquot of the original solution 
(0.8 ml diluted to 1.8 ml with ethanol) was shaken with AgO, the 
latter removed by centrifugation, and the spectrum taken. 


represents the spectrum of the mixture as isolated, Red cor- 
responds to that of the same sample after reduction by KBH,, 
and Oz is that of a separate sample but of the same preparation, 
oxidized by Ag:O. Two conclusions may immediately be drawn 
from experiments of this kind: (a) evidently two (or more) com- 
ponents contribute to the spectra—one, reducible by KBH,, 
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Fig. 9. Difference spectrum of a cyclohexane extract of em- 
bryonic liver mitochondria. Similar to the experiment of Fig. 8 
except that 311 embryos were used yielding 734 mg of mitochon- 
drial protein. The residue obtained from the cyclohexane ex- 
traction was taken up in 2.5 ml of 95% ethanol and aliquots of 
0.4 ml diluted to a final volume of 1.4 ml with ethanol were used 


with a broad maximum centered around 275 my, presumably 
coenzyme Q, or a closely related entity, and one (or more) not 
reducible by KBH,, responsible for the three-banded appearance 
of the spectrum, especially apparent after prior reduction of 
the first entity, with maxima at 270, 279 to 280, and 325 mu; 
(b) only a relatively small additional increment of compounds 
absorbing at 275 my appears after oxidation by Ag.O; 7.e. as 
isolated, most of this material is already in the oxidized form. 
As a matter of fact many samples gave a spectrum indistinguish- 
able from Oz even without prior oxidation by Ag.O. 

In order to identify the 275 my component as a member of 
the coenzyme Q-family, several additional experiments were 
performed. When the difference spectrum (oxidized-KBH, re- 
duced) of a typical embryonic preparation was taken and com- 
pared with that of an authentic sample of Qi, the results 
shown in Fig. 9 were obtained. The close resemblance is ap- 
parent. In another experiment the mixture of components 
obtained after cyclohexane extraction of 13-day liver mitochon- 
dria was subjected to chromatography on an alumina column. 
After development of the chromatogram with CHCl; two yellow 
zones appeared. Three different solvents of increasing polarity 
were then used to elute the column (CHCI;-methanol, in propor- 
tions of 80:20, 60:40, and 40:60, respectively). The first yellow 
band was eluted by the least polar solvent mixture and in this 
behaved similarly to an authentic sample of Qio taken through 
the procedure. The fast moving component was then evapo- 
rated to dryness, dissolved in ethanol, and its spectrum taken 
and compared to an authentic sample. The results of this experi- 
ment are shown in Fig. 10, Curves C and Qi. Shown there also 
is the spectrum of an acetone extract of mitochondria isolated 
from a homogenate of whole 4-day embryos. Evidently a co- 
enzyme Q-like entity was present in this extract and its spectrum 


for the difference spectrum (ODoxidised-reduced): ODoxiaizea is the 
absorbancy of the solution as isolated whereas ODyeducea i8 that of 
another sample reduced with KBH,. The difference spectrum of 
a 1% solution of authentic Qio (AAi%) treated similarly is shown 
for comparison. 


was relatively uncomplicated by the presence of the additiona 
components which make their appearance in extracts of mito- 
chondria isolated from the tissues of older embryos. 

Chromatographic Evidence—A typical chromatogram of a cyclo- 
hexane extract of liver mitochondria from 13-day embryos is 
presented in Fig. 11, and the results of several representative 
experiments are summarized in Table I. 

As can be seen, there is evidence for the presence of the same 
two compounds, giving the characteristic color reactions of co- 
enzyme Q (22), in all embryonic extracts examined. The slower 
moving component may be tentatively identified as Qio. The 
fast moving, probably more highly polar component, appears to 
be present in 5- to 10-fold excess over the slower moving com- 
ponent as indicated by the relative intensities of their respective 
color reactions. Yet in spite of its high concentration, ubiquity 
and apparent similarity in color tests there are several reasons 
why we do not consider it to be similar to coenzyme Q in meta- 
bolic function and importance: (a) comparison of the intensity 
of the slower migrating spot with authentic samples of Qi in- 
dicated a concentration of the former of the same magnitude as 
that calculated from spectrophotometric data; for example in 
one experiment, that depicted in Fig. 8, the concentration of 
total coenzyme Q in the sample as determined spectrophoto- 
metrically was 1.64 ug per mg of protein; the concentration of 
Qio by paper chromatography was 1.6 ug per mg of protein. In 
four other experiments the spectrophotometrically determined 
coenzyme Q was greater than that estimated from papergrams 
by a factor of 1.3 + 0.4. Thus all the reducible material re- 
sponsible for the characteristic absorption spectrum with Amex 
= 275 my was accounted for by the Qio-like component, and 
the rapidly migrating component could not be considered to be 
coenzyme Q-like in absorption spectrum. (6) The rapidly mi- 
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Fic. 10. The spectrum of coenzyme Q preparations from em- 
bryonic materials: From a cyclohexane extract of the mitochon- 
dria isolated from 934 4-day-old embryos (total mitochondrial 
protein 80 mg) after concentration and solution in 2.5 ml of 95% 
ethanol the spectrum marked 4-day was obtained. For the spec- 
trum marked C the mitochondria were isolated from 629 livers of 
13-day-old embryos. The particles were deproteinized with 
HCIO,, extracted with cyclohexane, the solvent removed under 
reduced pressure and the residue dissolved in 1 ml of CHCl;, and 
chromatographed on a column (13 X 1.6 cm) of Merck acid-washed 
chromatography alumina (10 g). The chromatogram was de- 
veloped with 30 ml of CHCl;, and the most rapidly migrating 
yellow band eluted with 10 ml of a mixture containing 8 ml of 
CHCl; and 2 ml of absolute methanol. The solvents were removed 
in a flash evaporator, and the residue dissolved in ethanol and 
the spectrum taken. 


grating component was not reduced by KBH, and was capable 
of interacting with neotetrazolium even without prior reduction; 
if at all similar to coenzyme Q it was therefore present as the 
hydroquinone. Yet unlike the hydroquinone of coenzyme Q it 
did not appear to be oxidizable by Ag.O, and the Quo isolated 
under identical conditions (i.e. the slower component) existed 
almost entirely as the quinone (cf. preceding section). (c) In a 
metabolic experiment (see below) in which the oxidation state of 
coenzyme Q, could be shown to be profoundly affected, the un- 
known rapidly moving component appeared to remain entirely 
in the reduced state. We have therefore not so far pursued its 
identification. This, the elucidation of its structure and its 
relationships, if any, to some of the lipid constituents of chick 
liver described by Cunningham and Morton (42) and to the 
other light-absorbing entities in our extracts, will form the sub- 
ject of a subsequent communication. 

Metabolic Significance—With the tentative identification of 
Qio as a component of embryonic mitochondria two questions 
remained to be settled: was it involved in the metabolic function 
of these particles in a manner analogous to their adult counter- 
parts, and what were its quantitative relationships to other 
members of the electron transport sequence? In order to obtain 
some indication concerning the first point we carried out an 
experiment the results of which are summarized in Fig. 12. Here 
we incubated mitochondria isolated from the hearts of 14-day-old 
embryos under various conditions and isolated the coenzyme Q 
fraction after HCIO, deproteinization and cyclohexane extraction 
(19). Curve I was obtained from mitochondria incubated for 30 
minutes at 37° with no additions and thus corresponded to the 
steady state in the presence of endogenous substrate; it will be 
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Fic. 11. Papergrams of coenzyme Q containing fractions: a 
tracing of an actual chromatogram run in the 4:1 (n-propanol- 
H.O) system, on Whatman 3 MM filter paper impregnated with 
Dow Corning Silicone Fluid 550. The ascending technique was 
used and the spots were visualized by the diagnostic reagents in- 
dicated. Shading indicates approximate intensity. The sample 
used was that described in the legend to Fig. 8, identical also with 
that of Experiment III of Table I; 50 ul were applied per run. 


seen that coenzyme Q was almost entirely in the oxidized state 
(see also Fig. 8). For Curve II, succinate, ADP, and azide were 
added, and now, in the presence of excess substrate with the 
terminal oxidase system blocked, Q became fully reduced. Sev- 
eral features emerged from these two experiments: (a) the intra- 
mitrochondrial coenzyme Q of embryonic particles like its adult 
counterpart was capable of being reduced by succinate and oxi- 
dized through the cytochrome oxidase system; (b) if reduced 
through metabolic action the Q-hydroquinone was stable to the 
isolation procedures used and could be estimated as such; (c) 
therefore under ordinary conditions, the intramitochondrial Q 
in the steady state was almost entirely in the oxidized form. In 
the experiment of Curve III Amytal but no substrate was added. 
Since the extent of reduction here was greater than in Curve I 
we may conclude that in this system, at least, Amytal did not 
appear to block the reduction of Q, 1.e. that the bulk of the en- 
dogenous reducing equivalents affecting this component were 
probably not provided by substrates reducing intramitochondrial 
DPN (26). It is also possible that the oxidation of reduced Q 
may have been somewhat Amytal-sensitive. In the last experi- 
ment, that of Curve IV, antimycin A but no substrate was 
added. A very considerable fraction of the total reducible co- 
enzyme Q actually became reduced under these conditions. 
These observations permit us to assign a role to intramitochon- 
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TaBLe I 
Paper chromatographic data for extracts of embryonic mitochondria 
R Source of mitochondria Method of detection* 
"2 | SS pon Compound Rr 
Tissue Extraction method a b s d 
days 
I 13 Liver | Acetone 4:1 K, 0.63 + 
E 0.86 + 
Qio 0.39 a 
Unknown 0.39 + 
0.92 + + 
7:3 K; 0.55 + 
E 0.85 + 
Qio 0.16 + 
Unknown 0.16 a 
0.95 + + 
II 13 Liver | (@) HClO,-cyclohexane 4:1 A 0.96 + _ 
or (b) HClO,-heptane Qio 0.39 + = + 
Unknown 0.39 oe + 
Qio + unknown 0.94 + + 
0.39 + + 
0.94 + + 
III 13 Liver | (a) HClO,-cyclohexane 4:1 Qio 0.39 _ _ 
or (b) KzHPO,-heat-cyclohexane Unknown 0.39 o ~ _ 
0.93 + + + + 
IV 14 Heart | Acetone 4:1 K, 0.69 ot. 
A 0.95 + 
E 0.86 + 
Qio 0.38 a 
Unknown 0.40 ~ 
0.91 _ 
733 Ki 0.43 + 
E 0.78 a 
Qio 0.08 + 
Unknown 0.08 + 
0.99 + 
V 13 Heart | (a) HClO,-cyclohexane 4:1 Qio 0.43 + + 
(b) KzHPO,-heat-cyclohexane Unknown 0.43 + + 
0.93 + + + 
VI 13 Liver | HClO,-cyclohexane 4:1 Qio 0.42 + 
+14 Heart Liver 0.42 + 
extract 0.92 + 
Heart 0.42 ao 
extract 0.92 
Liver + heart 0.42 + 
extracts 0.92 | 



































* Detection methods (see text): a: KMnO,; 6: KBH,-neotetrazolium; c: fluorescence after quinine sulfate; d: yellow color; a plus 
(+) indicates positive result; a minus (—) a negative result; a blank indicates not examined. 


drial coenzyme Q and to cytochrome b (see Fig. 7, obtained under 
identical conditions) as two of the components of an antimycin- 
sensitive pathway of electron transport in embryonic tissues. 
The block in this pathway must then occur during the oxidation 
of reduced Q by the azide-sensitive oxidase, and before the re- 
duction of cytochrome ¢; (cf. Fig. 7). That the oxidation of re- 





duced coenzyme Q is antimycin-sensitive confirms the findings 
of Humphrey and Redfearn (18) and of Green et al. (19) with 
particles isolated from adult mammalian hearts. 

Quantitatively, in four different experiments the coenzyme Q 
content of 13- or 14-day liver mitochondria extracted with 
HC10,-cyclohexane was found to be 0.54, 0.62 (experiment of 
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Fig. 12), 0.84, and 1.64 wg per mg of protein. This then cor- 
responded to approximately 1.1 <X 10-* mmole of this component 
per mg of protein compared to 3.9 X 10-? mmole of cytochrome 
c per mg of protein (see Fig. 2). In liver mitochondria from 13- 
day-old embryos we therefore found a Q-cytochrome ¢ ratio of 
2.8. In mitochondria from 14-day hearts the coenzyme Q con- 
centration was estimated to be 3.9 ug per mg of protein or 4.6 
10-° mmole per mg of protein. Their cytochrome c concentra- 
tion (Fig. 1) was 3.1 X 10-7 mmole per mg of protein. Thus 
these particles showed a Q-cytochrome c ratio of 15. Mito- 
chondria isolated from homogenates of whole 4-day embryos 
contained 0.23 wg or 2.8 X 10-7 mmole of coenzyme Q per mg of 
protein. 

The coenzyme Q content of mitochondria isolated from em- 
bryonic organs thus compares favorably with that reported for 
those of adult origin by Lester and Crane (13). Their data also 
suggest that mitochondria isolated from adult mammalian heart 
contain a higher concentration of coenzyme Q than do the cor- 
responding particles of liver. This generalization appears to be 
equally valid for embryonic material. 


DISCUSSION 


Recent interest in the pathways of terminal respiration of 
rapidly proliferating tissues has been stimulated by the hy- 
pothesis of Warburg that in malignancy the controlling bio- 
chemical lesion leads to an irreversible damage in the respiratory 
mechanism and to an increase in glycolysis (43). Indeed, evi- 
dence was adduced that malignant tissue contains an unusually 
low concentration of cytochrome c and an abnormally low cyto- 
chrome oxidase activity (44). Furthermore the concentration 
of cytochrome c in malignant rat tissue appeared to be inversely 
related to tumor size (45). 

By the use of refined spectrophotometric techniques Chance 
and Hess have been able to demonstrate that ascites tumor cells 
at least showed no impairment in their capacity to carry out the 
reactions of terminal electron transport (46-50). In mitochon- 
dria isolated from these cells there is no deficiency of cytochrome 
cand no apparent damage to the other respiratory carriers; the 
respiratory chain is fully capable of bringing about electron trans- 
port and oxidative phosphorylation. Any decrease of respiration 
relative to glycolysis observed with the intact cell can not there- 
fore be due to any intrinsic lack in, or modification of, the respira- 
tory chain or any of its components. Rather, to quote these 
investigators “‘it is concluded that respiratory metabolism of the 
intact cell is limited by metabolic control.” 

Embryonic and malignant tissues share the property of rapid 
proliferation, controlled and purposeful in the former, uncon- 
trolled in the latter. Embryonic tissue too was reported to 
exhibit an abnormally low cytochrome content (8, 9) and an 
active glycolysis (51). Among others, it was considerations such 
as these which prompted us to inquire whether changes or im- 
pairment in the respiratory mechanisms might be a property 
of this rapidly proliferating system and bear some relationships 
to embryonic development and differentiation. In our studies 
so far we have been able to demonstrate that embryonic tissues 
of the chick, even those of 4-day embryos, have the capacity 
of catalyzing all the reactions of terminal respiration, including 
those of the citric acid cycle and of the electron transport chain 
(1,2). This report indicates that like those of ascites tumor cells, 
the mitochondria of embryonic tissues down at least to the 
fourth day of development are analogous qualitatively and 
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Fig. 12. Reduction of intramitochondrial coenzyme Q in situ. 
Mitochondria were isolated from the hearts of 630 14-day-old em- 
bryos. (Total mitochondrial protein 306 mg) and made up in 
buffered sucrose (see ‘‘Methods’’) to a final concentration of 24.5 
mg protein per ml. Incubation mixtures were then set up as fol- 
lows by adding to 3.0 ml of suspension: for Experiment I: 0.4 ml of 
H.0; for Experiment II: 0.2 ml of sodium succinate (240 mm, pH 
8.0), 0.1 ml of ADP (1.0 mm), 0.1 ml of sodium azide (90 mm); for 
Experiment III: 0.02 ml of a solution of sodium Amytal (62 mg X 
ml"') in 95% ethanol and 0.38 ml of H.O; for Experiment IV: 0.1 
ml of a solution of antimycin A (0.5 mg X ml-') in 95% ethanol. 
The samples were incubated at 37° for 30 minutes. At the end of 
this period 0.08 ml of 2 Nn NCIO, was added per sample, followed by 
4.5 ml of 0.3 m phosphate buffer, pH 7. The resulting suspensions 
were extracted by shaking with 6 ml of cyclohexane for 45 minutes, 
the cyclohexane layer drawn off, the solvent removed, the resi- 
dués dissolved in 1 ml of cyclohexane, and the spectra taken. 


quantitatively to those of normal, adult, vertebrate tissue. 
There is no deficiency of any of the normal cytochrome com- 
ponents including cytochrome c¢ and they interact normally in 
the orderly metabolic sequence established previously for a vari- 
ety of systems. Coenzyme Q is found in significant concentra- 
tions in the mitochondria of all embryonic materials tested and 
apparently has the same structure (i.e. Qio) and potential role 
there as it does in the adult chick. Some of the quantitative re- 
lationships are summarized in Table II. Given therefore this 
equal capacity of adult and embryonic respiratory particles, any 
metabolic differences between them must be due to either a dif- 
ference in subcellular organization or control. We will attempt 
to deal with these aspects of the problem in future communica- 
tions. 


SUMMARY 


1. Mitochondria isolated from tissues of the developing chick 
embryo have been shown to contain a qualitatively normal 
complement of cytochromes as early as the fourth day of develop- 
ment. Cytochromes a3, a,b, and (c + c:) have been identified 
by spectrophotometric techniques. 

2. These cytochromes appear to fulfill their normal metabolic 
roles since they are all reducible by succinate (in the presence of 
azide to block cytochrome oxidase), and since antimycin exerts 
its block at the locus previously established in adult systems, i.e. 
between cytochromes b and (c; + c). 

3. Cytochrome b; is the preponderant hemoprotein component 
of embryonic microsomes as it is in the adult. 
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TaBLeE II 
Respiratory components of various particles 
Respiratory carriers 
Particle Source Reference Relative ratios® Absolute concentration 
_ ee. ° Q Beno peered 
Mitochondria Yeast (48) 1 1.2 41.5 1.4 a 1.5 
Adult rat liver (48) 1 — 0.9 1.7 a 2 
Adult rat liver (13) Q 6.6-17 
Adult pig liver (27) 1 2.9 2.1 1.0 0.6 a 0.72 
Adult rat heart (48) 1 1.1 0.9 Be a 6 
Electron transport particle Adult cow heart (52) 2 1 1 15 
Mitochondria Adult cow heart (13) Q 29-40 
Adult chicken heart? (13) Q 30 
Embryonic chick heart (14-day) e L4. £0 2.1 1 15 c 3.1 
Q 46 , 20¢ 
Embryonic chick liver (13 to14-day)| ¢ Lr) 6S 1 2.8 c 3.9 
Whole chick embryo (4-day) ¢ Q 2.8 
Ascites tumor (48) 1 — 1.0 3.1 a 2 




















« A dash (—) means not determined. 


> Calculated, assuming that the same relationship between wet weight of whole tissue and protein content of mitochondria obtains 


here as with cow heart, 7.e. a factor of 40. 
¢ This investigation. 
4 Reducible by succinate (Fig. 12). 


4. Quantitative estimation of cytochrome content of the mito- 
chondria from 14-day chick embryonic liver and 14-day hearts 
indicates that the relative proportions of the various cytochromes 
as well as their absolute concentration correspond closely to that 
previously reported for actively respiring adult tissues. 

5. Coenzyme Qio has been identified as a component of embry- 
onic mitochondria. Its function, absolute concentration, and 
relative proportion to members of the respiratory chain appear 
entirely analogous to that previously reported for respiratory 
particles from adult organisms. 

6. This apparent absence of any metabolic deficiency or 
damage in the terminal respiratory sequence and capacity of 
embryonic tissues is compared and discussed in relation to similar 
observations of Chance and Hess with mitochondria from ascites 
cells. 
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Note Added in Proof—Laidman et al. (Biochem J., 74, 541 
(1960)) have now obtained substance SC in pure form and shown 
it to be a chromenol isomer of Qi. Both the qualitative (Amex = 
275,283,332 mu) and quantitative features of its spectrum bear 
a striking resemblance to that of our unknown component (cf. 
Fig. 8), which may therefore be either ubichromenol or, pos- 
sibly, a derivative such as a phosphate ester (cf. Table I, Expt. 
III). The use of the extinction coefficient cited by Laidman 
et al. leads to an estimate of approximately 4 x 10-* mmole 
ubichromenol-like material per mg of mitochondrial protein in 
embryonic liver and of 10-5 mmole per mg protein in embryonic 
heart mitochondria. 
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Studies on Succinate Dehydrogenase. Effect 
of Monoethyl Oxaloacetate, Acetylene 
Dicarboxylate, and Thyroxine* 
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Our current studies on enzymatic mechanism and control have 
included consideration of the action of various types of inhibitors 
for the enzyme, succinate dehydrogenase (1). Interest in the 
succinate system stems from (a) its key role in cellular aerobic 
processes; and (6) the possibilities of investigation of mechanism 
and the action of inhibitors, partly from the point of view of an 
earlier investigation with the glutamate dehydrogenases (2, 3). 
A recent investigation (4), demonstrating that purified, soluble 
succinate dehydrogenases may readily be prepared from the 
mitochondria of various tissues, made such a study particularly 
timely. 

This investigation has disclosed the conditions under which 
several agents, including salicylate ion and thyroxine, exhibit 
noncompetitive inhibitory action with respect to the succinate 
system. Acetylene dicarboxylate has been found to be a char- 
acteristic competitive inhibitor. Consideration of the structural 
relationships among several dianionic agents, including acetylene 
dicarboxylate, and the well established competitors, oxaloacetate 
and fumarate, has suggested that the reversible binding specifi- 
cally of oxaloacetate to the dehydrogenase might involve the 
B-carboxylate anion together with the cis-enolate ion of the 
former compound. This would be alternative to the concept of 
possible binding by the two carboxylate anions of the ketonic 
tautomer of oxaloacetate, approaching the enzyme in a configura- 
tion resembling the fumarate ion. Interesting evidence bearing 
on such an assumption is found in the strictly competitive action 
now observed for the dianion, C2H;0(CO) -C(O-)=CH-COO-, 
derived from the salt of a monoester of oxaloacetic acid in which 
the carboxyl anion adjacent to the ketonic carbon atom is elim- 
inated for potential binding. 

This study also revealed, in the soluble, somewhat purified hog 
heart succinate dehydrogenase preparation, the presence of p- 
malate oxidase, as well as t-malate dehydrogenase and fumarase. 


* This investigation was supported by Research Grant No. CY- 
3186 from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service, and a gift from Mr. 
and Mrs. I. 8. Rosen to the Johns Hopkins University in support 
of research instruction. 
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Tuberculosis, and Department of Biochemistry, University of 
Colorado School of Medicine, Denver 20, Colorado. 

t Present address, Department of Pharmacology, University of 
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It was shown that these accompanying enzymes did not inter- 
fere in the major investigation herein described. 


EXPERIMENTAL PROCEDURE 
Preparation of Succinate Dehydrogenase 


An acetone powder of hog heart mitochondria was prepared by 
the method of Singer et al. (5), with the following modifications. 
Heart mince, 200 g, was blended in an ordinary Waring Blendor 
and the mitochondria isolated without additional dilution by 
centrifugation in a Lourdes centrifuge, head VRA, at 8000 x g 
for 20 minutes. For the preparation of an acetone powder, 
removal of the solvent from protein was accomplished by centrif- 
ugation instead of filtration. 

For the extraction of the enzyme, a simplified procedure was 
followed, since it was found that the extracted enzyme prepara- 
tion had to be used within 24 hours in order to obtain reproduc- 
ible results with competitive inhibitors. Of the powder, 100 to 
200 mg were suspended by homogenization in 0.03 m sodium 
phosphate, pH 7.6. The suspension was placed into the 9 ke 
Raytheon sonic oscillator along with a little sand, flushed with 
nitrogen, and treated at full power for 15 minutes. After centrif- 
ugation of the suspension in the No. 40 rotor of a Spinco model 
L Ultracentrifuge at 60,000 to 100,000 x g for 20 minutes, the 
supernatant fluid was treated with an equal volume of saturated, 
ammonium sulfate (brought to pH 7 with NHs) and stirred for 
30 minutes. The precipitate, isolated by centrifugation in the 
Servall centrifuge at 8000 x g for 20 minutes, was suspended in 
0.005 m sodium phosphate-0.1 m NaCl, pH 7.6 (10 m1/400 mg of 
acetone powder). Such preparations in the presence of succi- 
nate take up 5 to 10 ul of oxygen per minute per ml of suspension. 


Assay of Succinate Dehydrogenase Activity 


Two different assay systems were used, since it was considered 
possible that artefacts might arise as a result of specific actions 
of the electron acceptors with certain of the inhibitors. The 
acceptors were N-methylphenazonium bisulfate (phenazine 
methosulfate) and ferricyanide used as described (5) with the 
modifications referred to below. 

N-Methylphenazonium Assay—The final volume in conven- 
tional Warburg vessels was 3.0 ml; temperature, 30°; gas phase, 
air. The side arm contained sodium succinate in an amount 
appropriate to the experiment plus 0.1 ml of the phenazonium 
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salt (1 mg); the main compartment held 1.5 ml of 0.05 m sodium 
phosphate, pH 7.6, 0.3 ml of enzyme solution, and 0.2 ml of 
cyanide solution, pH 7.6 (24.3 mg of KCN in 25 ml, freshly 
prought to pH 7.6 at 0° with HCl, and diluted to 1 mg per ml). 
Inhibitors were added to the main compartment, or introduced 
from a second side arm. After equilibration for 10 minutes at 
30°, the side arm content was tipped and readings were taken 
every 2 minutes for 18 minutes. In all cases a linear slope was 
obtained between the 2- to 12- or 4- to 14-minute readings and 
this was taken as the rate of oxygen uptake. A phenazonium 
content of 1.0 mg per vessel was found to be optimal for this 
assay. 

Ferricyanide Assay—Serum albumin was not required to pro- 
tect this soluble preparation. The enzyme solution, 0.2 to 0.3 
ml, was placed in the main compartment with 0.4 ml of 0.2 m 
NaHCOs, and, after additions, water to 3.0 ml total; the side arm 
contained 0.1 ml of the same bicarbonate, 0.1 ml of m K3Fe(CN),, 
and the desired amount of sodium succinate solution. An in- 
hibitor could be added to the main compartment or from a second 
side arm. After introduction of the gas mixture (95% N2:5% 
CO.) into the vessels for 10 minutes, and equilibration for 6 
minutes therewith, readings were taken at 5-minute intervals; 
temperature, 30°. Linear CO, evolution was observed for at 
least 30 minutes. The optimal quantity of K;Fe(CN). solu- 
tion per vessel was found to be 0.1 ml of the m salt. 

In a few experiments, effects upon the succinate oxidase sys- 
tem were observed in mitochondria. The isolation of rat heart 
sarcosomes has been described previously (6). The incubation 
medium consisted of 0.0067 m Tris buffer at pH 8.0, and also 
contained 0.002 m potassium phosphate (initially pH 7.6), 0.003 
mu MgCle, 0.0003 m 5’-AMP, 5 X 10-* m cytochrome c, and 0.02 
mM sodium succinate. Particle suspension, 0.2 ml, was added 
from a side arm, the final volume being 3.0 ml. The vessel 
contents were saturated with oxygen gas and readings were taken 
every 10 minutes for 40 minutes. During this period linear 
0.-uptake was observed. 

Oxaloacetate was determined by the colorimetric method of 
Walker (7) and also with t-malate dehydrogenase (Worthington) 
in phosphate buffer at pH 7.6 (8). 

Sodium t-thyroxinate pentahydrate was kindly supplied by 
Dr. A. E. Heming of the Smith, Kline and French Laboratories. 
Authentic p-malic acid and oxaloacetic acid were purchased from 
several suppliers and the purity of these compounds was deter- 
mined. N-Methylphenazonium bisulfate (phenazine methosul- 
fate) was prepared (5, 9) by suitable treatment of phenazine 
with dimethyl sulfate in redistilled nitrobenzene; it was recrys- 
tallized from 95% ethanol. Sodium diethyl oxaloacetate (East- 
man) was recrystallized twice from absolute methanol, with the 
use of charcoal (Norit). 


Preparation of 3-Carbethoxy-3-Oxopropionic 
Acid (Monoethyl Oxaloacetic Acid, 
C:H0(CO) -CO-CH:-COOH! 


Recrystallized sodium diethyl oxaloacetate (see above), 4.2 g, 
was dissolved in 245 ml of 85% ethanol with the aid of slight 
warming; 6.5 ml of 3.08 m NaOH in 95% ethanol were added. 
After the mixture had been allowed to stand at room temperature 
(23°) for 12 hours, the crystals that had formed were collected 


1 Compare (10). 
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at the centrifuge, washed twice with 80 ml of hot 95% ethanol, 
twice with 40 ml of absolute ether, and dried in a vacuum desic- 
cator (yield, 67%). 

This disodium salt-2 C:H;OH (10) was dissolved in water 
(1.5 g in 50 ml), acidified with H,SQ,, and the solution extracted 
repeatedly with small volumes of ether. The extracts were 
dried over anhydrous Na,SO,, filtered, and the ether removed 
under reduced pressure. The residual oil crystallized when 
placed in a vacuum over chipped paraffin and P,O;. After re- 
crystallization from benzene, and thorough drying in a vacuum, 
the compound melted at 98.5°, and decomposed at 140°; re- 
corded m.p., 97° (10). Electrometric titration with standard 
NaOH gave equivalent weight, 162; calculated, 160; pKa, ap- 
proximately 6.5. 


C.H,0; 
Calculated: C 45.0, H 5.0 
Found: C 45.3, H 5.1 


Although on theoretical grounds, the monoester most probably 
possessed the structure designated in the title of this section, it 
was essential for the purposes of this investigation to characterize 
the product adequately, inasmuch as this had not been accom- 
plished before (10). Examination of the infrared spectrum for 
sodium diethyl oxaloacetate (KBr pellet) revealed a strong ab- 
sorption peak in the region of 1668 cm= which has been ascribed 
(11) to a B-keto(enolic) ester grouping (—C=C(H)COOC,H;); 


OH 

This band was not exhibited by the monoester salt described 
above. In addition, the oxime of the monoester was prepared, 
and reduced in absolute ethanol with hydrogen in the presence 
of palladium-charcoal. The product was isolated as a hydro- 
chloride which was ninhydrin-negative; after hydrolysis, the 
amino acid that had formed exhibited a characteristic ninhydrin 
test. This amino acid when compared with aspartic acid chro- 
matographically (phenol-water or acetic acid-butanol-water) gave 
a migration rate identical with the rate for aspartate. 

Pyrolysis of the product (see above) was undertaken to secure 
further evidence of the identity of the monoethyl oxaloacetic 
acid as the isomer possessing an unesterified carboxyl group beta 
to the carbonyl (enol) grouping. The process observed here is 
represented by the equation: 


C:H;0(CO)-CO-CH:-COOH — CO: + CH;-CO-COOC:H; 


Of the monoester, 1 g in a round bottomed distilling flask flushed 
with nitrogen was heated in an oil bath at 150° and 40 mm pres- 
sure. The distillate was ethyl pyruvate, 0.33 g (42%). The 
phenylhydrazone and the semicarbazone of the product were 
prepared. The melting point of the thrice recrystallized phenyl- 
hydrazone was 110—115°; m.p. of authentic phenylhydrazone of 
ethyl pyruvate (12), 115-118°; m.p. of mixture, 115°. (The 
melting point of the phenylhydrazone of pyruvic acid is 192°.) 
The melting point of the semicarbazone of the pyrolysis product 
was 204° (with decomposition); m.p. of authentic semicarbazone 
of ethyl pyruvate, 206°; m.p. of mixture, 206°. The identity of 
these two semicarbazone preparations was confirmed by infrared 
spectrophotometry (KBr pellets); a Perkin-Elmer instrument, 
model 21, was used. The identity of the pyrolysis product as 
ethyl pyruvate was confirmed also by the preparation of the 
pertinent dinitrophenylhydrazones. 
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RESULTS 


Competitive Inhibitors—In all cases, the nature of inhibition 
was evaluated (2) by means of conventional (13) reciprocal plots. 
In addition, the intercept at the 1/[S] axis was taken as —1/K,; 
and in plots of 1/V with respect to [I] at different substrate 
concentrations the intercept is at a point where [I] =—Ky, 
(14-16). 

Competitive inhibition of the succinate enzyme by the fuma- 
rate ion (4) might suggest that the substrate, succinate, itself 
conforms to the trans configuration as it approaches the enzyme. 
This assumes the “binding” of the dianions to characteristically 





1/V 











50 100 
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Fig. 1. Substrate-competitive inhibition by acetylene dicar- 


150 200 





boxylate. Electron acceptor, N-methylphenazonium ion. For 
other components of assay, see the text. 1/V denotes reciprocal 
(X 10) of microliters of oxygen consumed per minute; [S], molar 
concentration of succinate. X——X, control; O——O, acetylene 
dicarboxylate, 0.002 m; 0——O, acetylene dicarboxylate, 0.006 mM. 


TaBLeE [ 
Competitive inhibitors for succinate system 
Ks’ in presence of N-methylphenazonium ion, 3.8 X 10-* m; 
K;’ in presence of ferricyanide, 1.3 X 10-*m. Assay procedures 
and evaluation of K; described in text. 




















Kr 
Inhibitor ions 
sion, Ferricyanide 
moles/liter X 108 
Oxaloacetate 0.0016 0.011 
Monoethy! oxaloacetate 0.04 0.38 
Diethyl oxaloacetate* 
Malonate 0.05 0.33 
Acetylene dicarboxylate 1.4 16.5 
Fumarate 3.5 9.3 
* No inhibition. 
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positioned cationic centers on the enzyme-protein. An examina. 
tion of Stuart and Briegleb models of pertinent substances Sug- 
gested that acetylene dicarboxylate might act as a competitor, 
inasmuch as suitable manipulation of the models apparently cap 
bring the “interproton distances” for the carboxyl groups of 
succinate, fumarate, malonate (17), and acetylene dicarboxylate 
into close coincidence. Such considerations involve an over. 
simplification with respect to the structural requirements for 
competitive action. However, acetylene dicarboxylate appeared 
to be worth study particularly in view of its structural rigidity, 
attributable to its constituent triple-bonded carbon atoms. Re- 
lated structural considerations in connection with an earlier 
investigation of glutamate dehydrogenase had yielded fruitful 
results (2). 

The data of Fig. 1 demonstrate the competitive nature of 
inhibition by acetylene dicarboxylate (1).2 Here, the autoxi- 
dizable N-methylphenazonium electron acceptor was used, but 
competitive inhibition was observed also in the presence of fer- 
ricyanide ion (Table I). The constants for inhibition, Ky, are 
presented in the table. It is important to emphasize that in- 
hibition by acetylene dicarboxylate most probably is not to be 
attributed here to the presence of oxaloacetate which conceivably 
could have been formed by enzymatic hydration of the unsat- 
urated compound. Preincubation for 20 minutes of the acety- 
lenic derivative with the enzyme in the usual test mixture did 
not cause increase in the inhibition, and the linear reciprocal 
curves were superposable on corresponding curves obtained in 
the usual manner. This is a rather sensitive test, as was demon- 
strated later when effects with p-malate were observed (see later); 
after suitable preincubation in the latter case, inhibition was 
characteristic of the oxaloacetate formed by oxidation of the 
p-malate. Oxaloacetate is known (20, 21) to be an unusually 
potent inhibitor, and this is borne out in the case of the enzyme 
preparation used here by the data of Table I. 

Inhibition by Monoethyl Oxaloacetate, C.H;O(CO) -C(OH)= 
C(H)COO-—The theoretical basis for investigation of the action 
of this monoester was touched upon in the “Introduction.” 
Oxaloacetic acid exists in aqueous solution in one or more of the 
following forms: the keto acid, the cis-enol, and the trans-enol. 
Alkalinization favors the enolate structure. An inspection of 
appropriate molecular models (see above) suggested that the 
enolate group (probably cis-) might participate in dehydrogenase 
binding. As a presumptive test of such an idea, we prepared 
and characterized the monoethy] ester of oxaloacetic acid which 
carries the carbethoxy group vicinal to the enol carbon atom, 
and the free carboxyl group beta to the enolate group (see struc- 
ture above, and Experimental Procedures). 

We were especially interested to find that this particular deriv- 
ative of oxaloacetic acid, with only one carboxyl group, possessed 
the structural requirements for competitive inhibition of the 
succinate system as observed in this work. The data of Fig. 2 
and Table I reveal the competitive nature of this inhibition, both 
in the presence of N-methylphenazonium ion and ferricyanide 
ion, with K; comparable with the value indicated for malonate. 
It was especially important in these tests to show that the in- 
hibitions could not have been attributable to oxaloacetic acid 
formed by hydrolysis of the ester. In the first place, it was found 
by estimation of oxaloacetate colorimetrically and enzymatically 

2? Competitive action by acetylene dicarboxylate has been ob- 


served in the case of succinozidase in tissue homogenates by Die- 
trich e¢ al. (18), and by Thomson (19). 
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Fic. 2. Substrate-competitive inhibition by monoethyl] oxalo- 
acetate. Electron acceptor, ferricyanide. For other components 
of assay, see the text. 1/V denotes reciprocal of microliters of 
CO. evolved per minute; [S], molar concentration of succinate; 
x——xX, control; O——O, monoethy] oxaloacetate, 2 X 10-‘ M; 
O——O, monoethy! oxaloacetate, 5.3 X 10-* M. 


(see “Experimental Procedures’’) that no more than 0.007% of 
oxaloacetic acid could have been present as a contaminant of 
the monoester. Secondly, incubation of the monoester with or 
without large amounts of our succinate dehydrogenase at 30° 
for 1 hour yielded in each instance less than 0.6% of oxaloacetate. 
It was found also that incubation of the monoester with enzyme 
and the autoxidizable N-methylphenazonium acceptor, followed 
by removal of the acceptor by the method described later,’ 
produced comparable results. Calculation indicates that the 
maximal quantity of oxaloacetic acid produced under these ex- 
aggerated conditions could have been responsible for no more 
than 10% of the inhibitions observed. Finally, the absence of 
significant hydrolysis of the ester was demonstrated by pre- 
incubation procedures described above for inhibition by acet- 
ylene dicarboxylate. 

Comparative reciprocal plots for all competitive inhibitors 
evaluated in this study with the somewhat purified mitochondrial 
enzyme preparation are presented in Fig. 3. Graphically and 
analytically (Table I) it is observed that oxaloacetate is in a 
class by itself as a powerful inhibitor; next follow the two in- 
hibitors of intermediate strength, monoethyl oxaloacetate and 
malonate, followed by the weak agents, acetylene dicarboxylate 
and fumarate. 

Noncompetitive Inhibitors—The various agents listed in Table 
II acted as noncompetitive inhibitors for the succinate dehydro- 
genase. It was found that certain of these reacted chemically 
with the methylphenazonium acceptor. Some of the compounds 
already have been tested with succinoxidase preparations (22, 


> Compare Table III, footnotes. 
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Fic. 3. Typical substrate-competitive inhibitors. Electron 
acceptor, ferricyanide. For other components and concentra- 
tions, see the text. 1/V denotes reciprocal (X 10) of microliters 
of COz evolved per minute; [S], molar concentration of succinate; 
x X, control; 0 O, oxaloacetate, 4.0 X 10-5 m; B-——, 
malonate, 5.0 X 10-? m; ®——@, monoethy] oxaloacetate, 1.1 
10-* m; @——@, acetylene dicarboxylate, 2.0 X 10°? m; O——O, 
fumarate, 1.0 X 10-2 m. 








23), but not hitherto with a somewhat purified mitochondrial 
dehydrogenase. Obviously, qualitative and quantitative differ- 
ences will be encountered in observations with relatively crude 
succinoxidase preparations and with an isolated dehydrogenase. 
It seems possible that certain of the inhibitions cited here might 
be only formally noncompetitive in the sense that the kinetics 
might have been influenced in part by removal of the inhibitor 
through the oxidizing action of the acceptor. This kinetic pos- 
sibility is under investigation. Fig. 4 presents the detail of 
noncompetitive inhibition by salicylate and by thyroxine. 

Thyroxine—Many recent papers have dealt with the inhibitory 
behavior of thyroxine with certain enzymes. Such studies may 
ultimately be found to have some bearing on the basis of phys- 
iological action. Our own thyroxine studies (2)4 have had as an 
initial objective an attempt to gain information on the biochem- 
ical action of the hormone in relation to its ability to combine 
with certain proteins and other cellular components. With 
respect to succinate oxidation, it has been shown (24, 25) that 
the presence of thyroxinate in homogenates with succinate as 
substrate helps to maintain the linearity of the oxygen uptake.* 
Such studies have been confirmed (26). It has been found (27) 
that the action of thyroxine here was to prevent the progressive 
formation of inhibitory oxaloacetate ion by inhibition of L- 
malate dehydrogenase, acting with t-malate that had originated 
from the enzymatic hydration of the initial product, fumarate, 
in the presence of fumarase, also present in the homogenate. 


‘ Unpublished observations. 
5 Compare McShan et al. (25). 
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TaBie II 
Noncompetitive inhibitors 
Ks’ in presence of N-methylphenazonium ion, 3.8 X 10-* m; 


Ks’ in presence of ferricyanide, 1.3 X 10-?m. Assay procedures 
and evaluation of K; described in text. 














Kr’ 
Compound ae: : 
viphens | Snide 
moles/liter X 10% 
o-Hydroxybenzoate (salicylate) 45 
m-Hydroxybenzoate 50 
p-Hydroxybenzoate 96 
Cinnamate 52 
Hydrocinnamate 310 
cis-Cyclohexane-1 , 2-dicarboxylate 75 132 
trans-Cyclohexane-1 , 2-diol 120 
cis-Cyclopentane-1-amino-3-carboxylate 237 
trans-Cyclopentane-1 ,2-dicarboxylate* 
cis-Cyclopentane-1 ,3-dicarboxylate* 
Maleatef 
Ccoo- 
ri 
2-Benzylmalonate, CsH;-CH2.CHt 
Ccoo- 
m-Bromobenzoatet 
Thyroxine} 0.40 0.46 








* With ferricyanide only, no inhibition. 
t No inhibition in the presence of either acceptor. 
¢ In these experiments added simultaneously with substrate. 


With the succinate dehydrogenase preparation used in the 
present investigation, we have found that thyroxine is inhibitory 
with respect to the dehydrogenase, itself. Two different ac- 
ceptors have been used, and, with either, noncompetitive inhi- 
bition has been observed (Table II, Fig. 4). 

When, however, succinate dehydrogenase is incubated for 10 
minutes with thyroxine 4 x 10-5 M, in the usual buffer mixture 
in the absence of succinate, subsequent manometric evaluation, 
with the aid of ferricyanide, reveals that the enzyme has been 
inactivated 90%. The extent of inhibition that had been ob- 
served (Table II) after the inhibitor was added to the enzyme- 
substrate mixture in the usual assay was only 17%. It is of 
interest here that when the ferricyanide was replaced by the 
methyl phenazonium derivative as electron acceptor, no such 
drastic, irreversible changes after preincubation in the absence 
of substrate were observed. 

Thyroxine Inhibition of Succinate Oxidation in Rat Heart 
Sarcosomes—The details of incubation have been presented in 
the experimental part. When the sarcosomes were added to the 
medium containing succinate and thyroxine, inhibition of the 
respiratory rate was observed, even with 4 xX 10-* m inhibitor. 
Pretreatment of the ‘“enzyme’’ with thyroxine resulted in loss of 
oxidative activity. The following data are illustrative. Results 
are in microliters of O2 consumed in 10 minutes when sarcosomes 
equivalent to 0.31 mg N and 0.02 m succinate are used. 

No inhibitor present, 53; thyroxine 4 x 10-* m, 44; 2 x 10-5 
M, 24; 1 X 10-* M, 15; and 1.6 X 10 m (preincubated), 0. 

Presence of Malate. Enzymes in Dehydrogenase Preparation— 
The hog heart succinate dehydrogenase preparation described 
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here contains several “contaminating” enzymes. One of these 
is L-malate dehydrogenase. This was detected in the usual man- 
ner (8). It should be noted that the addition of DPN to reaction 
mixtures was found to be essential for the production of oxalo- 
acetate in these tests. Thus, the presence of t-malate dehydro. 
genase here could not have affected our observations with inhib. 
itors, since DPN was absent in the enzyme preparations, and 
production of t-malate through the “‘action’”’ of fumarase there- 
fore would not be critical. On the other hand, our observation 
of the presence also of p-malate oxidase in the enzyme prepara- 
tion was of considerable interest to us. When the p-malate ion 
was investigated for possible inhibitory action upon the succinate 
enzyme, it was first observed to be apparently active in this 
respect, but the kinetics of inhibition were complex, and differed 
from the results displayed by our competitive or noncompetitive 
agents. Moreover, incubation of enzyme-acceptor mixtures 
with p-malate antecedent to the addition of succinate gave in- 
creased inhibition, suggesting that D-malate itself was being 
oxidized presumably to oxaloacetate, a succinate dehydrogenase 
inhibitor. For example, in a typical test in the presence of 
ferricyanide as acceptor, 46 ul of CO, were evolved in 30 minutes 
when D-malate was absent, and 40 ul were obtained in its presence 
at 10-* m, but incubation with the p-malate 15 minutes before 
the addition of succinate reduced CO: evolution to 29 wl. The 
production of an a-keto compound, presumably oxaloacetate, 
from D-malate in the presence of the dehydrogenase preparation 
(and absence of DPN) is illustrated in Table III. For com- 
parison, acetylene dicarboxylate (for reasons discussed earlier) 





50 
\/CS) 


Fic. 4. Noncompetitive inhibition by L-thyroxine and salicyl- 
ate. Electron acceptor, ferricyanide; inhibitors added simul- 
taneously with substrate. For other components see the text. 
1/V denotes reciprocal (X 10) of microliters of CO2. evolved per 
minute; [S], molar concentration of succinate. X, control; 
<€ @, t-thyroxine, 8 X 10-5 mM; #4, L-thyroxine 1.6 X 
10-* m; O——O, salicylate, 2 X 10-? m; O——O,, salicylate, 3 X 
10°? m. 
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TaB.eE III 
p-Malate with isolated hog heart mitochondrial 
“succinic dehydrogenase’’ 

Incubation medium, sodium phosphate, pH 7.6, 0.011 m, or 
Tris, pH 8.5, 0.022 m; KCN, 0.0008 m; substrate, 0.022 m; enzyme, 
2.2 mg N; N-methylphenazonium bisulfate, 0.5 mg; total volume, 
1.8 ml. Incubation, 1 hour in the Dubnoff shaker at 30°. En- 
zymatic reaction stopped with 0.2 ml of 30% trichloroacetic acid. 
See the text. 











Oxaloacetic acid 
Compound tested as substrate pH 
Colorimetric | Enzymatic 
assay: assay :* 
umole 

p-Malate 7.6 0.13 0.10 
p-Malatet 8.5 0.36 0.18 
L-Malatet 7.6 <0.04 <0.02 
Acetylene dicarboxylate 7.6 <0.04 <0.02 
Fumarate 7.6 <0.04 <0.02 











* N-Methylphenazonium salt was removed by shaking heated 
reaction mixture with 400 mg of Dowex 50-X8 (H* form) for 1 
hour. Control experiments indicated 60 to 75% recovery of added 
oxaloacetic acid. 

+ KCN omitted. 

t Absence of DPN. 


L-malate, and fumarate are included as “substrates.”” With the 
latter three dianions no detectable oxaloacetate was obtained. 


DISCUSSION 


The results of this investigation bear on the essential structural 
characteristics of certain types of competitive inhibitors of suc- 
cinate dehydrogenase. Evidence that succinate probably con- 
forms to a trans configuration in its approach to the dehydro- 
genase has been discussed earlier. In this connection, the role 
of fumarate and of acetylene dicarboxylate as strictly competitive 
inhibitors is suggestive. It has been assumed here, in agreement 
with the views of earlier investigators (21, 22),* that the two 
carboxylate anions of succinate and of certain competitive in- 
hibitors are essential for combination with the dehydrogenase 
protein. We offer the additional postulate that these molecules 
are oriented in their approach to the enzyme to conform to 
characteristically positioned cationic centers (2) on the protein 
surface. The structural features in the resulting enzyme-sub- 
strate compound relating to an activation of the substrate by 
the protein sulfhydryl (3) and the flavonucleotide component 
(4) are not yet fully known. 

Steric considerations referred to earlier encouraged the prep- 
aration and particularly the characterization of the monoethy] 
ester of oxaloacetic acid in which the carboxyl group vicinal to the 
ketonic carbon atom had been esterified and thus eliminated as 
a potential “anchoring” anion. This substance proved to have 
inhibitory qualities comparable to the action of malonate. It 
has seemed probable that this substance in solution exists in part 
or perhaps predominantly as the enol, and also that the two 
essential anionic binding groups include the enolic grouping and 
the carboxyl anion #-substituted thereto. This may have a 
bearing upon the role of oxaloacetate which probably is the most 
effective known inhibitor for succinate dehydrogenase. Oxalo- 


* Compare Dixon (16). 
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acetate in the pH region used in our studies is significantly 
enolized, and from a consideration of structural models of various 
related inhibitors it appears probable that here too the enolate 
ion may play a role in the inhibitor-enzyme binding. In this 
connection, we have found‘ fluorooxaloacetate,? ~-OOC-CO- 
CHF -COO-, to exhibit approximately one-third of the inhibitory 
capacity displayed by oxaloacetate. It seems possible that this 
is related to the observation (28, 29) that the substitution of the 
fluoride atom markedly reduces the enolization of the acid in 
aqueous solution. However, enzyme-binding by the two car- 
boxylate groupings remains an alternative path, and the extra- 
ordinary inhibitory quality of oxaloacetate (Table I: K;, 1.6 X 
10-* m; Ks/Ky, 2000) may reflect in this instance a possible 
“duality” with respect to enzyme binding. 

The inhibitory behavior of thyroxine with respect to isolated 
succinate dehydrogenase and also the oxidation of the succinate 
ion in heart sarcosomes has been indicated under “Results,” and 
will be treated in greater detail in another place. 


SUMMARY 


1. With a soluble succinate dehydrogenase prepared from hog 
heart sarcosomes, it has been found that the anion derived from 
the monoester of oxaloacetic acid, 3-carbethoxy-3-oxopropionic 
acid (C:H;0(CO)-CO-CH:-COOH), can function as a charac- 
teristic competitive inhibitor for this flavoenzyme. In this 
esterified derivative of the potent inhibitor, oxaloacetic acid, the 
carboxyl group vicinal to the ketonic carbon atom has been 
eliminated as a potential “anchoring” anion. Accordingly, the 
ester is assumed to bind the enzyme at critically positioned 
cationic centers thereof through (a) its enolic anion and (6) the 
carboxyl anion A-substituted with respect to the enolic carbon 
atom. The bearing of these new findings in relation to the 
inhibitory properties of oxaloacetate itself has been indicated. 

2. Substrate-competitive effects observed with acetylene dicar- 
boxylate and fumarate also have been considered as to their 
bearing upon the steric relationship among substrates, competi- 
tive inhibitors, and dehydrogenase. 

3. Enzymatic activities accompanying succinate dehydrogen- 
ase in the enzyme preparation used in these studies include 
L-malate dehydrogenase and also p-malate dehydrogenase. It 
has been shown that the presence of either or both of these activ- 
ities under the experimental conditions does not alter the main 
results of this investigation or the conclusions derived therefrom. 

4. This investigation with a soluble succinate dehydrogenase 
has disclosed as relatively weak noncompetitive inhibitors the 
following anions: salicylate, m- and p-hydroxybenzoates, cin- 
namate, cis-cyclohexane-1,2-dicarboxylate, etc. Thyroxine 
under specified conditions functions as a somewhat more potent 
noncompetitive inhibitor (K,, 0.0004 m). This is in contrast to 
the action of thyroxine as observed by several investigators in 
studies of homogenates containing, in addition to succinate 
dehydrogenase, malate dehydrogenase, fumarase, and probably 
diphosphopyridine nucleotide. 

5. Thyroxine is found to be inhibitory with respect to the 
oxidation of the succinate ion in rat heart sarcosomes. 
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Certain enzyme-catalyzed reactions occurring in various sub- 
cellular fractions produce pyrophosphate as one of their products; 
for example, fatty acid activation in mitochondria (1), amino 
acid activation in the soluble fraction (2), and adenosine 5’-tri- 
phosphate hydrolysis in microsomes (3). Consequently, the 
disposal of pyrophosphate by cells is a matter of some importance. 
At least two routes are possible for its metabolism: (a) conversion 
to orthophosphate by hydrolysis and (6) nonhydrolytic cleavage 
to form a new phosphate ester and orthophosphate. The second 
alternative is an attractive one, since a portion of the pyrophos- 
phate energy is preserved in the new phosphate ester. The pres- 
ent report deals in part with a pyrophosphate-dependent forma- 
tion of glucose 6-phosphate in liver mitochondria. 

Simultaneously with the formation of glucose 6-phosphate, 
hydrolysis of pyrophosphate occurs. Evidence is presented (4) 
which suggests that the glucose 6-phosphate-forming system is 
closely related to a previously described inorganic pyrophospha- 
tase of mitochondria. The phosphoryl-transferring activity of 
certain phosphatases has been reviewed by Morton (5). An 
interesting aspect of the system described here is its rapid inac- 
tivation upon incubating mitochondria at pH 5.0. This inactiva- 
tion is prevented by pyrophosphate or by reagents which pre- 
vent the enzymatic hydrolysis of pyrophosphate. 


METHODS 


The preparation of mouse liver mitochondria and the method 
of assay for PPjase' have been described previously (4). The 
glucose-6-P assays were carried out by utilization of the reaction 
catalyzed by glucose-6-P dehydrogenase. The samples were 
first centrifuged at 0° to remove the mitochondria, then adjusted 
to pH 7.6 with 0.1 m Tris buffer, and finally brought to a volume 
of3ml. The reaction was initiated by adding 0.6 umole of TPN. 
Sufficient enzyme was used so that the reduction of TPN, meas- 
ured at 340 my in the Beckman DU spectrophotometer, was 
completed in about 2 minutes. The enzyme source was a yeast 
autolysate which had been acid-precipitated and fractionated 
with (NH4)2SO,..2 The molar extinction coefficient 6.22 x 10° 
moles! em? (6) was used to convert absorbancy readings to 
umoles of TPNH. With known amounts of substrate, it was 
found that 2 moles of TPN were reduced per mole of glucose-6-P. 


*The author gratefully acknowledges the financial assistance 
of the United States Public Health Service through research grant 
= and the technical assistance of Carolyn Varner and Betty 

ume. 

1 The abbreviations used are: PPjase, inorganic pyrophospha- 
tase; and EDTA, ethylenediaminetetraacetic acid. 

2 Adapted from a preparation of yeast hexokinase in an unpub- 
lished description by R. Darrow and S. P. Colowick. 


RESULTS 


Requirement of PP; for Glucose-6-P Formation in Liver Mito- 
chondria—The formation of glucose-6-P by mitochondria re- 
quired the presence of both glucose and PP;. The amount of 
glucose-6-P formed depended on the time of incubation. These 
results are summarized in Table I. The rate of the reaction fell 
off with time. The reason for this is unknown; glucose-6-P, 
7 X 10-5 m, did not inhibit the reaction, nor did mitochondria 
metabolize added glucose-6-P as measured by the glucose-6-P 
dehydrogenase assay or by the production of P;. 

The involvement of mitochondrial adenosine polyphosphates 
with PP; in the phosphorylation of glucose was ruled out, since 
washed liver mitochondria do not contain hexokinase (7). 

The PPj-dependent phosphorylation of ribose and fructose, 
catalyzed by mitochondria, was also investigated. With the 
same concentrations of sugars, glucose formed approximately 8 
times more organic P than ribose and 5 times more organic P 
than fructose. From 2 to 3 times more organic P was formed 
with glucose than anticipated by the glucose-6-P assay, indicat- 
ing the presence of phosphorylated hexose other than glucose-6-P. 
Thus it appears that the phosphoryl acceptor site does not ex- 
hibit a high degree of specificity. 

Effect of Glucose and PP; Concentration, and pH and Inhibitors 
on Glucose-6-P Formation—The effect of different glucose and 
PP; concentrations on the rate of glucose-6-P formation is shown 
in Table II. The pH optimum for glucose-6-P formation was 
5.1. The rate of the reaction was decreased 60% at pH values 
5.6 and 4.5. A number of reagents were found to inhibit the 
activity (Table III). The inhibition of glucose-6-P formation 
by low concentrations of MoO," and its reversal by EDTA is 
worthy of note. This inhibition was demonstrable only at low 
substrate concentrations. A metal- and sulfhydryl-dependent 
phosphoprotein phosphatase of liver is also inhibited by low con- 
centrations of MoO,- (8). This inhibition is reversed by EDTA.* 

Inactivation of Glucose-6-P-forming System and Effect of PP; 
and MoO,.~ on Inactivation—The glucose-6-P-forming activity of 
mitochondria rapidly disappeared if the mitochondria were incu- 
bated at pH 5.0 and 37°. The activity was protected if small 
amounts of MoO," were included in reaction mixtures, and the 
protection was abolished by addition of EDTA. The addition 
of PP; alone to reaction mixtures prevented the inactivation. 
These results are presented in Table IV. 

The MoO," effect on inactivation is interpretable in terms of 
PP; protection of the glucose-6-P-forming system. As reported 
previously (4), mitochondria possess a PP,ase with a pH optimum 


3G. W. Rafter, unpublished observation. 
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TaBLeE I 
Requirement of PP; for glucose-6-P formation 

All reaction mixtures contained mitochondria, 0.12 mg of pro- 
tein, in 2.5 ml of 0.08 m sodium acetate buffer, pH 5.2. The glu- 
cose concentration in reaction mixtures No. 2, 3, and 4 was 0.036 
M, and the PP; concentration in reaction mixtures No. 1, 3, and 4 
was 0.008 m. An aliquot of the reaction mixture was assayed for 
glucose-6-P. 


Liver Pyrophosphate 





Vol. 235, No.8 


TaBLe IV 


Effect of MoO. on inactivation of glucose-6-P-forming system 

All the reaction mixtures contained mitochondria, 0.25 mg of 
protein, in 2.5 ml of 0.08 m sodium acetate buffer, pH 5.2. The 
tubes were preincubated for 5 minutes at 37°. Then the additions 
of 90 umoles of glucose to all mixtures and 20 umoles of PP; to 
the first three mixtures were made. After incubation for 10 min. 
utes at 37°, an aliquot was removed for the glucose-6-P assay. 








Mixture No. Fa gone me 0 ene at =ener pe Additions before preincubation ——— 
min pmoles pmoles 
1 PP, 20 0 None 0 
2 Glucose 20 0 MoO,", 10 mgmoles 0.046 
3 PP;, glucose 10 0.051 MoO,", 10 mumoles + EDTA, 40 pmoles 0.005 
4 PP;, glucose 20 0.098 PP;, 20 umoles 0.048 

















TaBLe II 

Effect of glucose and PP; concentration on glucose-6-P formation 

All reaction mixtures contained mitochondria, 0.12 mg of pro- 
tein, in 2.5 ml of 0.08 m sodium acetate buffer, pH 5.2. The PP; 
concentration in reaction mixtures with different glucose concen- 
trations was 0.0045 m, and the glucose concentration in reaction 
mixtures with different PP; concentrations was 0.036 m. After 
incubation for 15 minutes at 37°, an aliquot was removed from 
each mixture for the glucose-6-P assay. 




















Gitieeiee a per PP; ane 4g per 
M pmoles M pmoles 
0.004 0.009 0.0005 0.010 
0.010 0.025 0.0011 0.023 
0.024 0.043 0.0018 0.033 
0.036 0.077 0.0036 0.067 
0.048 0.081 0.0045 0.082 
0.072 0.085 0.0072 0.089 
TaB_e III 


Effect of inhibitors on glucose-6-P formation 
Reaction mixtures No. 1 and 2 contained mitochondria, 0.25 
mg of protein, 90 umoles of glucose, and 20 umoles of PP; in 2.5 
ml of 0.08 m sodium acetate buffer, pH 5.2. Reaction mixtures 
No. 3 and 4 contained only 4 wmoles of PP;. After incubation 
at 37° for 15 minutes, an aliquot was removed for the glucose-6-P 

assay. Controls were performed with no additions. 








ee Additions Inhibition 
% 
1 p-Mercuribenzoate, 0.7 umole 85 
2 F-, 50 umoles 50 
3 MoO,", 40 myumoles 60 
4 MoO,, 40 mumoles + EDTA, 40umoles 0 











at 5.2. Subsequent to the latter report, it was found that the 
PPiase was inhibited by low concentrations of MoOQ,~. The in- 
hibition was reversed by EDTA. For example, 1.9 x 10-' m 
MoO, inhibited PP; hydrolysis 50%; the inhibition was reduced 
to approximately 10% in the presence of 2 x 10-* m EDTA. 
The concentration of PP, in the reaction mixtures was 4 x 10-3 
m. Thus it appears that MoO,” acts by protecting mitochon- 
drial PP; from hydrolysis by the PPjase. 

Formation ot P; from PP; in Liver Mitochondria—As shown in 


TaBLe V 


Simultaneous formation of P; and glucose-6-P from PP; in 
liver mitochondria 

All reaction mixtures contained mitochondria, 0.25 mg of pro- 
tein, 90 zmoles of glucose, and 20 ymoles of PP;, in 2.5 ml of 0.08 
M sodium acetate buffer, pH 5.2. For the PPiase assay, 0.5 ml of 
11% trichloroacetic acid was added to each mixture. A Pj anal- 
ysis was performed on an aliquot of the protein-free filtrate. Alli- 
quots were removed from separate mixtures for the glucose-6-P 
assay. 








Incubation at 37° | Pj per tube Glucose-6-P per tube 
min | pumoles 
5 | 0.55 | 0.038 
10 | 0.84 0.051 
15 | 1.07 0.070 
20 | 1.31 0.098 





TaBLeE VI 
Effect of MoO;~ on PP,ase inactivation 

All the reaction mixtures contained mitochondria, 0.3 mg of 
protein, in 2.0 ml of 0.08 m sodium acetate buffer, pH 5.3. Mix- 
tures were preincubated 5 minutes at 30° before addition of 20 
pmoles of PP;. After incubation for 15 minutes at 30°, 0.5 ml of 
11% trichloroacetic acid was added to each mixture. A P; anal- 
ysis was performed on an aliquot of the protein-free filtrate. 








Additions before preincubation Pj per tube 
umoles 
None* | 0.12 
MoO,", 5 mumoles | 0.46 
MoO,-, 5 mumoles + EDTA, 40 umoles 0.12 





* MoO,” added after pretreatment period. 


Table V, more P; than glucose-6-P was formed from PP; in liver 
mitochondria. Previous studies (4) had shown that the mito- 
chondrial PP,ase was inhibited by p-mercuribenzoate, P;, AsO,*, 
and F-, and was inactivated by incubation in the absence of 
PP;, at its pH optimum, 5.2. Additional information has been 
obtained concerning the inactivation reaction. MoQ,~ pre- 
vented the inactivation; and like the result found with the glu- 
cose-6-P-forming system, the protective effect was abolished by 
EDTA (Table VI). Another metal-chelating reagent, 1, 10 


(ortho)-phenanthroline, was as effective as EDTA in reversing 
the protective effect of MoO,~. 


The PP,ase was also protected 
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by addition of p-mercuribenzoate to reaction mixtures. The in- 
activation occurred optimally at pH 5.0. The inactivation proc- 
ess resembled the activity of the PPjase in every way examined, 
and for this reason it was concluded that the inactivation results 
from the enzymatic hydrolysis of mitochondrial PP;. The man- 
ner in which PP, protects the enzyme is unknown. 

As already described, the hydrolytic and nonhydrolytic cleav- 
age of PP, in liver mitochondria share many properties. A close 
relationship between the two activities was further indicated by 
the finding that glucose was inhibitory for P; formation (Table 
VII). 

Parallel Inactivation of Glucose-6-P-forming System and PP ;ase 
—The properties of the two PP;-metabolizing systems described 
here and in a previous report (4) suggest that they are catalyzed 
by the same enzyme. To investigate further this hypothesis, 
the inactivation of the two activities at pH 5.0 in the absence of 
PP; was examined as a function of time of incubation. As may 
be seen in Table VIII, the loss of activity of the two systems 
proceeded in a parallel manner. 


DISCUSSION 


A two-step hydrolysis of PP,, summarized below, is consistent 
with the data presented. 


Enzyme + PP; = enzyme-P + P; (1) 
Enzyme-P + H,O = enzyme + Pi (2) 
Enzyme-P + ROH = enzyme + ROP (3) 


Cohn (9) has proposed such a mechanism for the hydrolysis of 
PP; by yeast PPjase. The occurrence of Reaction 3 has not 
been demonstrated previously for PPiase; however, it has been 
shown with several other phosphatases (5). The nature of en- 
zyme-P is unknown. Except for the lack of AsO,= and P; inhibi- 
tion of glucose-6-P formation, the properties of the reactions 
leading to P; and glucose-6-P in mitochondria are equivalent. 
Because of the difference in phosphoryl acceptors, the AsO.= 
and P; results do not appear to be a serious objection to the 
identity of the two systems. It is interesting that mitochondria 
possess a phosphoprotein phosphatase with many of the proper- 
ties described here for the glucose-6-P-forming system and the 
PP,ase, the major difference being that the activity is relatively 
stable at acid pH values (8). The activity is inhibited by PP.‘ 

The assignment of an important role to HO or glucose as a 
phosphoryl acceptor in PP; metabolism in mitochondria is not 
justified by the available evidence. Possibly another substance, 
not yet examined, is the physiological acceptor. An interesting 
result of the present work is that nonhydrolytic cleavage of PP; 
occurs, yielding equivalent amounts of ester P and P;. The 
glucose concentration for optimal glucose-6-P formation, ap- 
proximately 4 mm, is much less than that found for other phos- 
phoryl-transferring phosphatases. It is not known whether this 
represents a greater affinity of the acceptor site for glucose, or 
reduced competition of HO with glucose for the site because of 
the limited HO concentration in the lipoprotein mitochondrion. 

The inactivation of the PP;-metabolizing system provides a 
means of metabolic regulation. In the absence of PP;, the sys- 
tem is inactivated, permitting the accumulation of PP; and re- 
ducing the P; concentration. The P; concentration has been 
shown to affect the oxidation of a variety of substrates by mito- 
chondria (10). 


‘G. W. Rafter, unpublished observation. 
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TasBLe VII 
Inhibition of PP; hydrolysis by glucose 
All the reaction mixtures contained mitochondria, 0.15 mg of 
protein, and 10 umoles of PP;, in 2.0 ml of 0.08 m sodium acetate 
buffer, pH 5.2. After incubation for 15 minutes at 37°, 0.5 ml of 
11% trichloroacetic acid was added to each mixture and a P; 
analysis performed on an aliquot of the protein-free filtrate. 














Glucose Pj per tube 
M pumoles 

0 0.57 

0.01 0.56 

0.03 0.47 

0.06 0.44 

0.09 0.40 

TaB_e VIII 


Inactivation of glucose-6-P-forming system and PP,ase 
Mitochondria were incubated in 0.1 m sodium acetate buffer, 
pH 5.0. At the described intervals, aliquots (0.15 mg of protein) 
were removed for the glucose-6-P forming and the PPiase assays 
described respectively in Tables V and VII. Both assays were 
performed at 37° for 15 minutes. 

















Incubation at 20° Pj per tube Glucose-6-P per tube | Pi/glucose-6-P 
min umoles 
0 0.63 0.054 12 
+ 0.54 0.051 ll 
8 0.46 0.042 ll 
16 0.27 0.023 12 
SUMMARY 


Liver mitochondria were shown to catalyze the formation of 
glucose 6-phosphate from glucose and pyrophosphate. The re- 
action was inhibited by p-mercuribenzoate, fluoride, and molyb- 
date. At the pH optimum of the reaction, 5.2, incubation of the 
mitochondria in the absence of substrate rapidly destroyed their 
glucose 6-phosphate-forming ability. The inactivation was pre- 
vented by reagents which inhibited the hydrolysis of pyrophos- 
phate. 

Simultaneously with the formation of glucose 6-phosphate from 
pyrophosphate and glucose, inorganic phosphate was formed 
from pyrophosphate by the action of an inorganic pyrophospha- 
tase. The characteristics of the two reactions closely resembled 
one another. The formation of both products from an inter- 
mediate of pyrophosphate metabolism was discussed. 
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Preparations from a variety of photosynthetic organisms carry 
out a light-dependent phosphorylation of adenosine diphosphate. 
These systems appear to be similar in one respect: photophos- 
phorylation is stimulated by substances that may behave as re- 
ducing agents, or as electron carriers. In the present study, the 
photophosphorylation system in extracts of Rhodospirillum ru- 
brum is found to be activated, presumably enzymatically, by 
such metabolites as succinate, lactate, or reduced diphospho- 
pyridine nucleotide; activity is further increased, but apparently 
modified, by the addition of phenazine methyl] sulfate (1,2). A 
similar requirement for carriers such as flavin mononucleotide or 
menadione has been found by Whatley et al. (3) with spinach 
chloroplast fragments. A particular characteristic of our sys- 
tem seems to be the almost specific effect of phenazine methyl 
sulfate, which also has been shown to stimulate photophosphoryl- 
ation in preparations from Chromatium (4) and spinach (5). 
The stimulation of spinach preparations by phenazine methyl 
sulfate recently has been ascribed by Hill and Walker (6) to a 
photooxidation product of phenazine methy] sulfate, pyocyanine, 
which, however, does not activate either Chromatium or R. ru- 
brum preparations. One of the major topics in this report will 
be a detailed description of our experiments on the mode of ac- 
tion of the phenazine dye in the R. rubrum system. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Growth of Bacteria and Preparation of Extracts—Mass cultures 
of R. rubrum (strain S-1 of van Niel) were grown in the light 
with the medium of Frenkel (7), or the G-5 medium of Kohl- 
miller and Gest (8). In this work, the cells were allowed to grow 
for 2 or 3 days. These cultures yield preparations qualitatively 
similar to but of lower activity than preparations derived from 
more vigorous 24-hour cultures. The latter could be prepared 
from 1% innocula of 24-hour cells that had been subjected to a 
series of transfers at 24-hour intervals. 

Cell-free preparations were made by two methods: (a) treat- 
ment for 3 minutes in the Raytheon 10 ke. sonic oscillator; washed 
cells were used, 200 to 300 mg wet weight per ml, in 0.1 m potas- 
sium phosphate or 0.2 m glycylglycine buffer pH 7.5; (6) grind- 
ing a paste of washed cells with 1 volume of Alcoa Alumina A-301, 


* This investigation was supported by a grant from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service, and was carried out in the Biochemical Re- 
search Laboratory at the Massachusetts General Hospital. Por- 


tions of this work were taken from a thesis submitted by David M. 
Geller in partial satisfaction of requirements for a degree of Doc- 
tor of Philosophy, Harvard University, 1957. 

t Held predoctoral fellowship of the National Science Founda- 
tion at the time of the investigation. 
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and extracting the mixture with buffer. Crude preparations 
were obtained by centrifugation at 5,000 x g for 10 minutes, 
Purified preparations were made by centrifugation in the Spinco 
preparative centrifuge for half an hour at 25,000 x g, followed 
by half an hour at 105,000 x g. The centrifugal field is caleu- 
lated at the center of the tube. The 25,000 x g precipitate was 
discarded; the 105,000 x g precipitate was resuspended in 1 
volume of fresh buffer and centrifuged at 105,000 x g for half 
anhour. The precipitate, resuspended in fresh buffer, is referred 
to as washed sediment. It was fully active for months when 
stored in ethylene glycol, 40% by volume, at —15°. For 2- to 
3-day cultures both methods were successful, yielding extracts 
with identical properties. With 24-hour cultures active prepara- 
tions were obtained only by alumina grinding but not by sonic 
oscillation. 

Assay of Photophosphorylation—Warburg flasks containing the 
reaction mixtures were shaken slowly, 25 cycles per minute, in a 
glass-bottomed bath at 30°. The bath was fitted with six 100- 
watt tungsten frosted bulbs on each side, which were sufficient 
to saturate these preparations with light; the bath was cooled by 
running tap water through a copper coil. In experiments with 
PMS,' chromate-filtered light was used, which absorbed all light 
of wave lengths less than 450 mu. The flasks were immersed in 
3 mM sodium chromate in a lucite bath which was placed in the 
glass-bottomed bath. 

The usual assay system for photophosphorylation consisted of 
5 umoles of MgCle, 20 wmoles of potassium phosphate pH 7.0, a 
phosphate acceptor, and other additions in a total volume of 1 
ml. As phosphate acceptor, either 10 umoles of ADP were used, 
or the combination of 50 umoles of mannose, excess purified yeast 
hexokinase, and 1 wmole of ADP. At the conclusion of the 
experiment, the incubation mixtures were deproteinized by the 
addition of trichloroacetic acid to a final concentration of 3.3%; 
they were then centrifuged, and the inorganic phosphate content 
of the supernatant fraction was measured by the method of Fiske 
and SubbaRow (9). 

Specific activity is expressed in terms of dry weight, protein, 
or chlorophyll. Dry weight was estimated by the weight of tri- 
chloroacetic acid-precipitated and washed material dried for 8 
hours at 110°. Protein was determined by the biuret reaction 
as modified by Kamen and Vernon (10). Bacteriochlorophyll 
content, expressed as ODsa units, was equivalent to the absorp- 
tion of diluted preparations at 880 my compared to a water 
blank. 

Biochemicals were obtained from Sigma Chemical Corporation 
and Nutritional Biochemical Corporation. PMS was a prepara- 
tion of Eastern Chemical Corporation. Antimycin A was kindly 


1 The abbreviations used are: PMS, phenazine methyl sulfate; 
FMN, flavin mononucleotide. 
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Fig. 1. Diagram of the recording photometer described in the 
text. 


supplied by Dr. F. M. Strong, and Compound SN 5949 was the 
gift of Dr. E. G. Ball. Gases used were prepurified nitrogen 
from Linde Air Products Company, helium from Puritan Com- 
pressed Gas Corporation, and hydrogen from Air Reduction 
Company. In experiments with the recording photometer, the 
helium or nitrogen was passed over hot copper gauze and then 
through a 10% solution of alkaline pyrogallol to remove traces 
of oxygen. 

Light-induced Absorption Changes—Light-induced absorption 
changes were measured by placing an anaerobic silica cuvette 
(11) containing the preparations in a recording photometer de- 
signed and built by Dr. J. D. Gregory in this laboratory (Fig. 1). 
The beam of light from the tungsten lamp, either a 750-watt 
T-12 projection lamp or an 8-ampere, 6-volt T-10 microscope 
illuminator, was filtered by 2.5 cm of 10% iodine in ethanol and 
served as a source of infrared radiation. Within the cuvette the 
infrared beam intersected a beam of visible light that served as 
the analyzing beam. The latter was provided by a Beckman 
hydrogen lamp fitted with Corning filter No. 9780 to remove all 
infrared light. The recording photometer was of conventional 
design, consisting of a Bausch and Lomb grating monochromator 
of 250 mm focal length, an RCA 1P28 phototube, and a Brown 
Electronic Recorder with a 1-second response. 


RESULTS 


Induction of Photophosphorylation by Reducing Catalysts— 
Frenkel’s (12) previous work with R. rubrum preparations dem- 
onstrated that the photophosphorylation system was localized in 
the particulate fraction obtained at 105,000 x g. Washing this 
fraction led to inactivation of photophosphorylation. This 
activity was restored completely by the addition of the original 
105,000  g supernatant fluid, or by a-ketoglutarate. These 
observations have been confirmed. Moreover, a survey of me- 
tabolites disclosed that washed preparations were activated 
equally well by succinate or lactate. The oxidized forms of 
these compounds, fumarate and pyruvate, were relatively in- 
active (Table I). In addition, Frenkel (7) had demonstrated 
that such preparations are activated by DPNH but not by DPN 
(cf. Fig. 2). The presence of the corresponding dehydrogenase 


in these washed preparations has now been demonstrated by 
dichlorophenolindophenol reduction. Only the reduced com- 
pounds DPNH, succinate, and lactate cause dye reduction. The 
activating substances thus have in common the ability to serve 
as reducing agents via their respective enzymes but are required 
This 


only in catalytic amounts to induce photophosphorylation. 
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is shown for DPNH and succinate in Fig. 2. The rate of induced 
activity remains constant for at least 40 minutes under these 


conditions. It is of interest to note that for any given prepara- 
tion, the same maximum rate of photophosphorylation is induced 
by each of the activators. Furthermore, the rate of photophos- 
phorylation induced by one is not appreciably increased on addi- 
tion of any of the other substances (Table II). 

It was observed, moreover, that R. rubrum-washed sediment 
preparations are also activated by the combination of ascorbate 
and menadione, but that FMN is inactive (Table III). The in- 
duced activity is comparable to that with succinate and is not 
further increased by addition of succinate. Anaerobic condi- 
tions are required for activation by the ascorbate-menadione 
combination. It is tempting to presume that ascorbic acid, via 
reduced menadione, may act as a reducing agent, but neither 
dehydroascorbate nor chemically reduced menadione were tested. 
A specific role for ascorbic acid in photophosphorylation in the 
spinach chloroplast system has recently been questioned (3). 

Activation of Photophosphorylation by PMS—Since PMS has 
been shown to interact specifically with succinic dehydrogenase 
(13), an investigation of the effect of this dye was suggested by 


TABLE I 
Reactivation of washed sediment by substrates 


Each flask contained 7.3 ODgso units of washed sediment in 1 
ml total volume, with the use of the acceptor system with hexo- 
kinase described in the text. The gas phase was helium. All 
flasks were incubated in the light for 30 minutes at 30°. 


r 











Additions AP 
pumoles/ml 
OMNI S65 siy's id sagas Ag ecuaeecen —0.7 
1 pmole a-ketoglutarate........ —4.5 
1 wmole succinate.............. —4.8 
1 pmole Tanaraté. ....... 55.55. -1.3 
1 pmole lactate................- —4.2 
1 wmole pyruvate............... —1.5 
1 pamole: malate... 26.20 —1.5 
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A moles Pj per ml. 
FEF wy wo rh 











on i 4 { | { | 
0" 005.01 0.0501 0510 


moles substrate per mi. 


Fig. 2. Activation of washed sediment photophosphorylation 
by catalytic amounts of succinate or DPNH. With the use of the 
usual assay system with ADP as the phosphate acceptor, 8 OD¢go 
units of washed sediment were used when DPN or DPNH was 
added, and 10 ODggo units when succinate was added. The flasks 
were gassed with nitrogen and were incubated for 40 minutes at 
30° in the light. 
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TaBLe II 
Effect of combinations of active substrates upon 
washed sediment photophosphorylation 
The procedure was the same as in Table I except that ADP 


was used as the phosphate acceptor, and the incubation period 
was 40 minutes. 








Additions AP 
pmoles/ml 
sr BPSD sacs io Gots SS Wierd ed she Us 3« hao Bele ois ae —1.0 
SOE OR REE PE SSE EG EE Te —3.8 
SESE SE RR rome eh RA —3.7 
ts aria ia acs tu + 40, 600-9, kad —3.8 
1 wmole lactate + 1 wmole succinate.................. —4.3 
1 wmole lactate + 0.2 umole DPNH.................. —4.3 
1 umole lactate + 1 uwmole succinate + 0.2u4mole DPNH.| —3.9 








TaBLe III 
Activation of washed sediment-photophosphorylation 
by ascorbic acid and menadione 

The procedure was the same asin Table II. Before incubation, 
the washed sediment was placed in the main compartment with 
all of the components of the incubation mixture except for ADP, 
succinate, and ascorbic acid, freshly dissolved and neutralized 
with KOH, which were in the side arm. 








Additions AP 
pmoles/ml 
eS rite at occa iwc ccs oe tees —0.7 
IN gis aie chal gi tow bs A boas b Sec ow wee wine —3.4 
oo coast osc eibclercle Uacboe seceded —0.9 
a a Sn 8 a a —0.3 
I otc sh egeee fob bee btidlen ae tenes exes —0.5 
10 wmoles ascorbate + 0.1 wmole menadione.......... —3.9 
10 wmoles ascorbate + 0.1 umole FMN................ —0.8 








TaBLe IV 
Effect of dyes on photophosphorylation 
All flasks contained 2.9 ODggo units washed sediment, 10 uzmoles 
MgCls, 10 umoles potassium phosphate pH 7.0, 100 umoles glycyl- 
glycine pH 7.5, 0.5 umole ADP, 50 umoles mannose, 0.5 ymole 
succinate, and excess yeast hexokinase, in a final volume of 1 ml. 


The gas phase was air. All flasks were incubated in the light for 
30 minutes at 30° 











Addition Concentration 4P 
m X 10-* pmoles/ml 
None —2.1 
PMS 4.5 —5.7 
Pyocyanine 6.7 —2.1 
0.75 —-1.7 
0.075 —1.7 
Benzyl] viologen 4.3 —1.6 
0.48 —1.8 
0.048 —1.8 
Methylene blue 11.0 —0.5 
1.3 —0.1 
0.13 -1.0 
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the succinate-activation of washed sediment photophosphoryla- 
tion. Addition of the phenazine dye to these preparations caused 
a marked increase in activity. So far, this stimulation appears 
to be unique, for none of the other dyes tested show activity 
(Table IV). As mentioned already, pyocyanine was inactive. 
Dichlorophenolindophenol, thionine, and brilliant cresyl blue in- 
hibited photophosphorylation 70 to 90% at 10-4m; phenosafranin 
had no effect, nor did the other dyes at lower concentrations. 

At first, the activation by oxidized phenazine dye appeared to 
be contrary to the reducing agent requirement for photophos- 
phorylation. The observation of Merkel and Nickerson (14), 
however, regarding the photoreduction of riboflavin was recalled. 
Therefore, it was considered that the photosensitive phenazine 
dye might have been reduced by light. Accordingly, an experi- 
ment was carried out (Fig. 3) with light filtered through sodium 
chromate solution in order to eliminate wave lengths below 450 
my where the dye absorbs. With filtered light, the dye remained 
unchanged, the photophosphorylation now became dependent 
upon the addition of a reducing agent, e.g. lactate. The chro- 
mate filter was used in all the following experiments with phena- 
zine dye, and it did not change the effect of PMS on photophos- 
phorylation except for the need of an added reducing agent. 
This affords further proof that the effect of the dye could not 
have been due to pyocyanine. The protected phenazine system 
was equally well supplemented by lactate (Fig. 3) as by succinate 
(Fig. 4); both compounds enzymatically reduced the dye in the 
dark under anaerobic conditions. That it was the dye reduction 
that was required is shown most clearly in the experiment where 
hydrogen gas and palladium-charcoal catalyst were used. As 
shown in Table V, a metabolite is not required in this case, indi- 
cating that the role of the metabolite is merely to induce a partial 
reduction of the electron transport system. 

At the concentration of phenazine dye required for maximal 
activity (Fig. 5), and with succinate as the reducing agent, there 
was an 8-fold stimulation of photophosphorylation; the specific 
activity observed was 28 umoles ATP per hour per mg dry 
weight, or 4.7 umoles ATP per hour per ODggo unit. 

The effect of an increase in succinate concentration on the 
phenazine system is summarized in Fig. 4. Of significance is the 
inhibition of photophosphorylation by anaerobic preincubation 
of the dye with an excess of succinate before the light was turned 
on (cf. the solid curve in Fig. 4). Spectrophotometric examina- 


Filtered light 


Unfiltered light 
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10 moles 
| lactate 


No addition 





No addition 





l 





pemoles ATP formed 
a 





a es a 


i a 
0.05 010 015 0.05 0.10 015 
femoles PMS per mi. 


Fia. 3. Activation of photophosphorylation by PMS. All 
flasks contained the usual assay system with ADP as phosphate 
acceptor, and 4 ODgso units of washed sediment and lactate as 
indicated. Where noted, the light was filtered by 2 m sodium 
chromate solution. All flasks were incubated in the light at 30° 
for 40 minutes. The gas phase was air. 
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Fic. 4. Activation by succinate of PMS-catalyzed photophos- 
phorylation; its inhibition by preincubation with excess succinate. 
All flasks contained 7.1 ODggo units, 1.2 mg dry weight, of washed 
sediment in the usual assay system with ADP as the phosphate 
acceptor, and 0.4 umole of PMS; succinate was added as noted. 
The washed sediment preparation was placed in the side arm, 
and the other components in the main compartment of each vessel. 
The flasks were gassed with helium. The contents of one series 
of flasks (O——O) were mixed and immediately exposed to chro- 
mate-filtered light for 8 minutes at 30°. The contents of the sec- 
ond series of flasks (0 0) were mixed and incubated in dark- 
ness for 30 minutes at 30° before exposure to chromate filtered light 
for 8 minutes. 





TABLE V 

Activation of photophosphorylation by catalytically reduced PMS 

All flasks contained 7.2 ODsso units washed sediment in the 
usual assay system with ADP as phosphate acceptor, and addi- 
tions as noted below in a total volume of 1 ml. Incubation was 
for 10 minutes in chromate-filtered light at 30° with nitrogen as 
the gas phase. In Flasks 4 and 5, washed sediment and oxidized 
PMS were placed in the main compartment, and phenazine dye 
was placed in the side arm to be reduced with palladium black. 
Dye in the side arm was reduced by bubbling hydrogen through 
the contents of the side arm while gassing the main vessel with 
nitrogen; the residual hydrogen was then flushed out with nitro- 
gen and the contents of the vessel mixed in the usual manner. 














Additions 
No. AP 
Main compartment Side arm 
pmoles/ml 

1 | 0.6 zymole PMS —1.8 
2 | 0.6 umole PMS 0.1 wmole succinate —5.3 
3 | 0.6 umole PMS Palladium —0.9 
4 0.4 pmole PMS 0.2 wpmole PMS, reduced | —5.8 

by Pd-H. 
5 0.2 umole PMS 0.4 pmole PMS, reduced | —5.4 

by Pd-H: 














tion of this system showed that the dye had been completely re- 
duced. The inhibition by excess succinate may be reversed by 
admitting air, as shown in Part 1 of the experiment in Table VI. 
With dye in excess, however, as in Part 2, activity depended on 
anaerobiosis. In this case, the small amount of succinate an- 
aerobically reduced the dye partially and initiated photophos- 
phorylation; admission of air caused inactivation, due to reoxi- 
dation of PMS. These experiments illustrate that the system 
operates only if its components are poised in an intermediate 
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In the case of the Chromatium 


state of oxidation-reduction. 
system, the inhibitory effect of excessive reduction of PMS has 
likewise been noted by Newton and Kamen (4). 

Inhibitors of Photophosphorylation—Photophosphorylation is 
not appreciably affected by 0.01 m arsenite, cyanide, or azide. 
The R. rubrum system is inhibited by both dinitrophenol and 


Dicumarol. The effect of the former is shown in Fig. 6; the 
latter is equally effective. The concentrations required for 50% 
inhibition are high, approximately 10-* m. Photophosphoryla- 
tion is inhibited over 50%, however, by 5 X 10-5 m butyl 3,5- 





emotes ATP formed 











| | | i iT | 





01 02 03 04 05 06 
fmoles PMS per flask 


Fic. 5. Dependence of washed sediment photophosphorylation 
on PMS. The procedure was the same as in Fig. 4, except that 0.1 
umole of succinate was placed in each flask, and the concentration 
of PMS varied as indicated. The flasks were mixed immediately 
before the lights were turned on. The incubation period was 9 
minutes. 


TaBLe VI 
Effect of varying ratio of succinate to PMS 

Each flask contained the usual assay system with ADP as the 
phosphate acceptor, 9 ODggo units of washed sediment, and other 
additions as indicated below. The two flasks were gassed with 
nitrogen and allowed to stand for 1 hour in the dark at about 25°. 
They were then incubated at 30° in chromate-filtered light for 15 
minutes, and an aliquot was withdrawn for analysis. After this, 
the flasks were incubated for another 15 minutes in the light, but 
with air as the gas phase, and a second aliquot was withdrawn for 
phosphate analysis. 

















Additions AP 
No. Succinate PMS In nitrogen In air* 
pmoles/ml pmole/ml pmoles/ml pumoles/ml 
1 | 0.067 +0.3 —6.8 
2 0.033 | 0.067 -—7.2 +0.6 








* The values in this column represent further changes in phos- 
phate content of the incubation mixture after flushing air through 
the vessels. 
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Fig. 6. Inhibition of photophosphorylation by uncouplers of 
oxidative phosphorylation. Washed sediment preparations, 7.1 
ODsso units, 1.2 mg dry weight, were incubated for 10 minutes in 
chromate-filtered light, with air as the gas phase. The flasks 
contained the usual assay system with ADP as the phosphate ac- 
ceptor, 1 umole of succinate, 0.4 umole of PMS, and various con- 
centrations of 2,4-dinitrophenol, or butyl-3, 5-diiodo-4-hydroxy- 
benzoate. The inhibitors were dissolved in a slight excess of 
KOH just before use. 


diiodo-4-hydroxybenzoate (Fig. 6), which was shown to be an 
effective uncoupler of oxidative phosphorylation (15). Thus, the 
relative insensitivity of the R. rubrum system to such uncoupling 
agents as dinitrophenol or Dicumarol does not imply that the 
mechanism of coupling of phosphorylation to electron transport 
differs essentially from that of mitochondrial oxidative phos- 
phorylation. Sensitivity to the inhibitors discussed above was 
independent of the nature of the activating metabolite and of the 
presence of PMS. The inhibition by antimycin A (16) and 
Compound SN 5949 (17), however, practically disappears in the 
presence of PMS, although these compounds almost completely 
inhibit in its absence (Table VII). A similar situation has been 
found with 2-n-heptyl-4-hydroxy quinoline N-oxide (18). It 
may be relevant that in mitochondrial systems all these com- 
pounds block electron transport between cytochromes 6 and c 
(16, 17, 19). The phenazine dye, therefore, could be thought of 
as an electron carrier by-passing the intermediate step(s) blocked 
by these inhibitors. 

Light-induced Changes in Absorption Spectrum—The effects of 
light upon R. rubrum preparations have been examined with the 
single beam recording photometer. The result of such an ex- 
periment with a washed sediment preparation is shown in Fig. 7. 
Infrared light (>700 my), but not visible or ultraviolet light, 
induced absorption changes which were unaffected by magnesium 
ions, inorganic phosphate, ADP, activating metabolites, or in- 
hibitors. These spectral changes were affected markedly by 
PMS in the presence of a reducing agent such as succinate (Fig. 
8), lactate, or hydrogen gas with a palladium catalyst. The 
light-dark difference spectra shown in Fig. 8 were obtained by 
comparing two cuvettes containing equal amounts of dye; in one 
cuvette, dye was in excess of succinate, and in the other, suc- 
cinate was in 25-fold excess of dye. Both cuvettes were gassed 
with nitrogen and preincubated in the dark for 60 minutes at 
room temperature to allow dye reduction to reach equilibrium. 
The first cuvette then contained partially reduced, and the second 
fully reduced dye. After determination of the spectra in the 
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TaBLe VII 


Inhibition of photophosphorylation by antimycin A 
and compound SN 5949 

Antimycin A or Compound SN 5949 were added in 0.01 ml 95% 
alcohol to flasks containing the usual assay system, with ADP ag 
the phosphate acceptor, in a final volume of 1 ml; 0.01 ml alcohol 
was added to the control flasks. In la, washed sediment, 11.8 
ODggo units, 3.0 mg protein, were incubated under nitrogen for 
40 minutes in the light with 0.2 umole succinate. In 1b, washed 
sediment, 7.3 ODsso units, 1.5 mg dry weight, were similarly incu- 
bated under helium with 1 pmole of succinate. Samples in 2a and 
2b were incubated for 10 minutes in chromate-filtered light. In 
2a, 7.1 ODggo units, 1.2 mg dry weight of washed sediment, 1 umole 
succinate, and 0.4 umole of PMS in air were used; in 2b, 7.4 ODggy 
units, 1.5 mg dry weight of washed sediment, succinate, and PMS 
in nitrogen were used. 





























No. Carrier Inhibitor Concentration AP — 
| } pmoles/hr % 
la | None |Antimycin A 0 —5.4 
| None |Antimycin A 1 pg/ml +0.5 | 100 
| None |Antimycin A 0.1 ug/ml —0.9 | 83 
None |Antimycin A 0.01 ug/ml —5.3 0 
1b | None |Compound SN 5949| 0 -5.3 
| None |Compound SN 5949] 1X 10-6 | -1.2| 77 
| None (Compound SN 5949/1 X 107m | —1.7| 68 
| None Compound SN 5949) 1 xX 10-° —5.3 0 
| 
2a PMS |Antimycin A 0 —40 
PMS /Antimycin A 1 ug/ml —35 12 
PMS |Antimycin A 0.1 ug/ml —35 12 
PMS /Antimycin A 0.01 ug/ml —41 0 
2b PMS |Compound SN 5949} 0 —56 
PMS |Compound SN 5949) 1 xX 10-*m —51 9 
0.03 oe oa 
+0. 
< . 
GS 
SO +0.02 
AQ 
.o) 
y » +0.01 
a 
= OO 
8 
— 0.01 
ae ee oe ee ae ee ee ae A ee 
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Fig. 7. Difference spectrum of a washed sediment preparation. 
The optical density change, illuminated minus dark, induced by 
infrared light is plotted against wave length. An example of the 
time course of the changes, recorded at 430 muy, is shown in the in- 
set. The assay mixture contained 20 uwmoles of MgCle, 120 umoles 
of potassium phosphate pH 7.0, 5 umoles of succinate, 10 umoles of 
ADP pH 7.0, and 17.7 ODsgso units, 4.5 mg of protein, washed sedi- 
ment in a total volume of 3 ml, and was kept under Nz. The 
changes in optical density at 435 and 600 my are approximately 2 
to 3% of the absolute optical density at these wave lengths. The 
four peaks are centered at 435, 490, 530, and 565 mu, and the two 
major troughs are at 395 and 600 mu. 
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recording photometer, both cuvettes were opened to the air and 


the difference spectra obtained again. Admission of air (Fig. 8 
dotted curve) which caused complete oxidation of the dye, made 
the light-dark difference spectra of the two cuvettes become iden- 
tical and similar to those obtained in the absence of the dye 
(Fig. 7). 

These results have been interpreted by reference to the differ- 
ence spectra obtained after adding reducing or oxidizing agents 
to washed sediment preparations in the dark (Fig. 9). Addition 
of the reducing agent dithionite produced a maximal change in 
absorption at 430 my. Addition of the oxidizing agent hydrogen 
peroxide caused a second maximal change in absorption to ap- 
pear at about 600 mu which was increased by the addition of 
ferricyanide. 

From Fig. 9, the results of Fig. 7 may be interpreted as a light- 
induced reduction of one or more components, giving the peak at 
435 mu, coupled with a photooxidation of another component, 
giving the trough at 600 mu. This interpretation regarding the 
photooxidation of the 600 mu pigment may be stated with reason- 
able certainty since the photochemically produced change at this 
wave length (Fig. 7) appears to be identical to that produced in 
the dark by added oxidizing agents (Fig. 9). The case of the 
light-induced absorption change at 435 my (Fig. 7) is not so 
clear, however. This is certainly different from the 430 my 
peak induced by the addition of dithionite in the dark (Fig. 9) 
which is much narrower and displaced from the light-induced 
435 mp peak. On the other hand, it appears from Fig. 8 that 
the broad peak from 420 to 450 my may consist of several com- 
ponents, one of which may be the 430 my pigment affected by 
dithionite in the dark. Thus only a portion of the light-induced 
shift in absorption at 435 my may represent a photoreduction. 
Smith et al. (20) have concluded that the 435 my change repre- 
sents an unknown pigment; they report that this change is in- 
tensified upon inhibition of electron transport. This appears to 
be the case in our work. In Fig. 8, under optimal conditions 
for photophosphorylation, the light-induced change at 435 mu 
with partially reduced PMS is much less than it is when photo- 
phosphorylation is inhibited through complete reduction or com- 
plete oxidization of PMS. In the presence of partially reduced 
phenazine dye, as seen in Fig. 8, the light-induced absorption 
changes at 600 my were diminished, and a new peak appeared 
at 390 mu due to oxidized dye which has a peak at 388 my; the 
colorless reduced dye does not absorb in this region. The sup- 
pression of 600 my absorption, and its replacement by the ab- 
sorption peak of oxidized dye appears to confirm the assumed 
function of the dye as an electron carrier; the dye apparently is 
oxidized by the 600 my component. 


DISCUSSION 
These results support the concept that photophosphorylation 
is coupled to electron transport between photochemically gener- 
ated oxidant and reductant systems. This appears to be indi- 
cated by the absorption data, even though a direct correlation 
between spectral changes and phosphorylation was not obtained 
here. But such has been reported by Smith and Baltschefisky 
(21). The marked effects of reduced phenazine dye upon the 
light-induced absorption changes indicate that some of the pig- 
ments involved are components of the photophosphorylation 
system. This is probable since the partially reduced dye stimu- 
lates photophosphorylation. 
The function of PMS in this system is of considerable interest. 


D. M. Geller and F. Lipmann 
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Fic. 8. Difference spectrum of a washed sediment preparation. 
Two cuvettes were prepared, each containing 20 umoles of MgCl, 
120 umoles of potassium phosphate pH 7.0, 0.2 umole of PMS, 30 
umoles of ADP pH 7.0, and 26.8 ODgso units, 4.8 mg of protein, 
washed sediment in a total volume of 3 ml, under nitrogen. To 
one of these, 0.1 umole of succinate, and to the other 5 umoles of 
succinate were added. Both were allowed to stand in the dark 
for 1 hour. After the contents had been mixed, the difference 
spectra were measured as described in Fig. 7, yielding the dashed 
and solid curves, respectively. After admission of air to both 
cuvettes, the difference spectrum was determined again, and was 
found to be identical (dotted curve). 
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Fic. 9. Difference spectrum comparing chemically reduced and 
oxidized preparations. Equivalent volumes of a washed sediment 
diluted in 0.1 m phosphate buffer pH 8.0 to 8.4 ODggo units, or 1.46 
mg dry weight, per ml, were placed in matched cuvettes in a Beck- 
man model DU spectrophotometer fitted with a photomultiplier. 
A pinch of dithionite, sodium hydrosulfite, was added to the sam- 
ple cell, and the optical density of this was recorded against a 
second cuvette, the reference cell. Then, 5 ul of 30% hydrogen 
peroxide were added to the reference cell and 5 ul of water to the 
sample cell containing dithionite, and the difference spectrum 
was recorded again. Finally, 5 ul of 0.5 m potassium ferricyanide 
were added to the reference cell, and 5 wl of water were added to 
the sample cell, and the difference spectrum was recorded again. 
The changes in optical density at the peaks at 430 my and 600 mu 
represent approximately 3 and 10% of the absolute optical density, 
respectively, at these wave lengths. 


The light-induced spectral changes invite the interpretation that 
the dye is oxidized by a component which is in turn photooxi- 
dized. This component of the R. rubrum system may be bac- 
teriochlorophyll since dye absorption replaces the absorption at 
600 my corresponding, presumably, to the chlorophyll absorption 
peak at 590 mu. 
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The electron carrier function of PMS has been more precisely 
identified by a study of the inhibition of photophosphorylation. 
The dye-activated system is relatively unaffected by electron 
transport inhibitors, such as antimycin A and Compound SN 
5949, although these compounds inhibit photophosphorylation in 
the absence of the dye. The dye thus bypasses the inhibitor- 
sensitive spots in the system; and that it stimulates photophos- 
phorylation may indicate that the by-passed reaction step(s) is 
rate-limiting in the native system. The dye thus connects the 
photochemical reductant more directly to the oxidant, using these 
two terms in the widest sense. The rate of photophosphoryla- 
tion increases in these experiments, but it also would be interest- 
ing to determine the effect of the dye upon the efficiency of photo- 
phosphorylation since the dye could by-pass one of the steps at 
which phosphorylation is coupled to electron transport. 

As Newton and Kamen (4) have experienced with the Chro- 
matium system, our work with the phenazine dye has shown that 
a maximal rate of photophosphorylation is attained at an inter- 
mediate stage of reduction of the components of the electron 
transport system; over-reduction of the system by completely 
reduced dye inhibits photophosphorylation, as does over-oxida- 
tion. 

The mode of action of the reducing agent in inducing photo- 
phosphorylation is not clear. Need for induction by a reducing 
agent should mean that the isolated catalyst system requires a 
favorable oxidation-reduction balance to permit light energy to 
be converted into chemical bond energy. Several schemes have 
been suggested by Frenkel (7), and Geller (22), among others. 
Suffice it to say that the catalytic nature of the reducing agents 
which activate the system is consistent with the concept that 
the photo system is a closed circuit for electrons. 


SUMMARY 


1. Purified cell-free preparations of Rhodospirillum rubrum 
phosphorylate adenosine diphosphate to yield adenosine triphos- 
phate. Magnesium ions are required as well as a catalytic 
amount of substances such as reduced diphosphopyridine nucleo- 
tide, succinate, or lactate, which appear to function as reducing 
agents by way of the corresponding enzymes. In a similar man- 
ner, the combination of ascorbic acid and menadione may acti- 
vate photophosphorylation. The Rhodospirillum rubrum system 
is strongly inhibited by 10-* m dinitrophenol and Dicumarol, and 
by 10-5 m butyl-3,5-diiodo-4-hydroxybenzoate. It is also in- 
hibited by antimycin A and Compound SN 5949. 

2. Photophosphorylation is stimulated strongly by the addi- 
tion of catalytic amounts of phenazine methy] sulfate, but not by 
pyocyanine or other dyes. The phenazine-activated system, if 
protected from light absorbed by the phenazine dye, requires a 
reducing agent such as succinate, lactate, or hydrogen and a 
palladium catalyst; completely reduced or oxidized dye inhibits 
photophosphorylation. The dye-catalyzed reaction is charac- 


Photophosphorylation 


terized by its insensitivity to the inhibitors antimycin A and 
Compound SN 5949. 
3. Infrared light absorbed by bacteriochlorophyll induces the 


simultaneous oxidation of one or more pigments, accompanied 


by the apparent reduction of other pigments. These absorption 
changes are unaffected by substances related to photophosphoryl- 
ation except for the phenazine dye. Under anaerobic conditions, 
this dye, when partially reduced, suppresses the oxidation of the 
component photooxidized; the phenazine dye is photooxidized 
instead. 
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The enzymatic oxidative decarboxylation of a-ketoglutarate 
| by diphosphopyridine nucleotide to form succinyl coenzyme A 
| consists of several intermediate steps (1-3). The enzyme which 
| catalyzes this reaction has been obtained from hog heart as a 
| high molecular weight complex containing diphosphothiamine 
| and thioctic acid (a-lipoic acid). Previous attempts to resolve 
| the complex by the usual methods employed in protein fractiona- 
| tion had failed. In this communication disruption of the inte- 
| grated complex by digestion with trypsin and separation of two 
component fractions is documented. One of these fractions has 
been identified as a flavoprotein with flavinadenine dinucleotide 
as the prosthetic group. Some of this work has been reported 
previously in preliminary communications (4, 5). 


EXPERIMENTAL PROCEDURE 


The a-ketoglutaric dehydrogenase preparation was obtained 
by fractionation of hog heart extracts with ammonium acetate 
(6) and was subjected to an additional isoelectric precipitation 
step (7). The only variation in the method has been the in- 
clusion of 1 X 10-* m EDTA! in the phosphate buffer at all stages. 
The various related reactions catalyzed by the enzyme are given 
below with additional details about assay conditions, where 
necessary. 

a-Ketoglutarate-DPN Assay—CoA, 0.2 mg, and cysteine hy- 
drochloride, 10 moles, were incubated for 3 minutes at 30° in 
0.2 ml containing 50 umoles of phosphate buffer, pH 7.3. Then 
5 umoles of a-ketoglutarate, 0.3 wmole of DPN, 100 ywmoles of 
phosphate at pH 7.3, and water to 3.0 ml were added. The 
final pH was 7.0. The dehydrogenase was diluted with 0.01 m 
K;:HPO, containing 5 mg of bovine serum albumin per ml to a 
concentration where 0.02 ml added to the reaction mixture at 
30° gave an increase in absorbancy at 340 my of 0.010 to 0.050 
in 10 seconds. The activity was calculated from this reading 
since the rate of the reaction often declined subsequently. Our 
usual preparations reduced 5.0 to 5.5 umoles of DPN per minute 
| per mg of enzyme. During the course of experiments designed 
| to determine the optimal conditions for assay, it was found that 
| phosphate activated the enzyme. With tris(hydroxymethy])- 


* Supported partly by a grant-in-aid from the American Heart 
Association, Inc. The material in this paper is taken from a thesis 
submitted by Robert L. Searls in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy, University of 
California, Berkeley, California. 

1 The abbreviations used are: KG, a-ketoglutarate or a-keto- 
glutaric acid; FMN, riboflavin mononucleotide; EDTA, ethylene- 
diamine tetraacetate. 
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aminomethane as the buffer at pH 7.2, the activity was enhanced 
approximately 50% when 50 uwmoles of phosphate were also 
present. The concentration of phosphate in routine assays has 
been increased, compared to earlier descriptions (8), in order to 
give maximum rates. 

a-Ketoglutarate-Dye Assay—The assay was carried out as de- 
scribed previously (9) with the exception that cyanide, magne- 
sium chloride, and diphosphothiamine were omitted and the dye 
concentration was increased to give an initial absorbancy of 
0.600. Cyanide was found to be unnecessary with the more 
highly purified enzyme preparations. 

Dihydrothioctyl Dehydrogenase Assay—The reaction mixture 
contained 0.18 umole of DPNH, 0.75 umole of p1t-thioctamide 
and 50 wmoles of phosphate at pH 6.8 in 0.98 ml at 30°. The 
enzyme preparation was diluted with 0.01 m phosphate-0.002 m 
EDTA, so that 0.02 ml added to the reaction mixture gave a 
decrease in absorbancy of 0.020 to 0.200 per minute. The re- 
action was linear until over 75% of the DPNH was oxidized. 
It was essential to use EDTA in the diluting buffer to prevent 
denaturation of the enzyme at the high dilutions. In order to 
avoid difficulties due to low solubility, less than the optimal con- 
centration of pi-thioctamide was used in the assay. The pH of 
6.8 gave maximal rates with the a-ketoglutaric dehydrogenase 
but this pH was not optimal for the purified dihydrothioctyl 
dehydrogenase (thioctyl dehydrogenase). 

Diaphorase Assay—The assay mixture contained 150 umoles 
of phosphate at pH 7.3 and 0.3 umole of DPNH in 2.95 ml at 
30°. Then 0.02 ml of the diluted enzyme was added followed 2 
minutes later by the addition of 0.03 ml of 0.1% solution of 2 ,6- 
dichlorophenolindophenol. The dye was added last in order to 
reduce an initial lag in the reaction. Under these conditions, 
which are similar to those used for diaphorase (10), the time 
taken for attaining a linear rate of decrease in absorbancy at 
600 my varied from negligible to 30 seconds. The amount of 
enzyme added was such that the linear rate of change was 0.010 
to 0.200 per minute. The molar absorbancy index (molar ex- 
tinction) of the dye was taken as 21 x 10* (10). 

A Zeiss PMQ II spectrophotometer with an attached Brown 
recorder was used to measure the changes in absorbancy. The 
sample chamber was maintained at 30°, and the reaction mixture 
and cuvettes were warmed to that temperature before the addi- 
tion of the enzyme. The unit of enzyme activity in each case is 
that amount of enzyme which produces a change of 1 umole per 
minute. The specific activity is units per mg of protein. 

Apo-p-amino acid oxidase was prepared from hog kidney ace- 
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tone powder and its activity was measured by oxygen uptake in 
Warburg manometers (11). Lactic dehydrogenase and yeast 
alcohol dehydrogenase were obtained from Worthington Bio- 
chemical Corporation for the determination of DPN and DPNH 
(12, 13). Crystalline trypsin and soya-bean trypsin inhibitor 
were also obtained from the same source. 

The absorption spectra of the flavoprotein were determined in 
a Cary model 14M spectrophotometer. Stoppered cuvettes con- 
taining the enzyme were well flushed with nitrogen when reduced 
enzyme was under investigation. This was felt to be necessary 
because the dihydrothiocty] dehydrogenase, when used in sub- 
strate amounts, did take up oxygen at a measurable rate. 

FAD was obtained from Wakamoto Pharmacy Company, 
Tokyo, Japan, and FMN was a gift from Hoffmann-La Roche, 
Inc. pvt-Thioctamide was synthesized by a method based on 
the mixed carbonic-carboxylic anhydride reaction employed in 
peptide synthesis as described by Reed et al. (14). The melting 
points of various preparations made by this procedure in our 
laboratory varied from 128.5 to 130.5 + 0.5, compared to the 
value of 130—-131° (uncorrected) observed by Reed. The amide 
made by reacting the acid chloride with ammonia (15) was re- 
ported to melt at 124-126° which agreed with our experience on 
samples made by this method. Some of the variability may be 
related to the ease of polymerization of thioctic acid derivatives 
during the procedures. All the data in this paper was obtained 
with a preparation which had a melting point of 128.5-129.5° 
and gave a K,, value in the dihydrothioctyl dehydrogenase reac- 
tion, determined by double reciprocal plot, of 1.8 x 10-?m. A 
value of 7 < 10-* m was reported previously (2) for a sample 
made by the method of Wagner et al. (15). 

Other experimental conditions and sources of chemicals have 
been described in previous publications (2, 3, 7). 


RESULTS 


In a preliminary screening test, three different methods for 
disruption of the a-ketoglutaric dehydrogenase complex, namely 
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Fic. 1. Trypsin digestion of a-ketoglutaric dehydrogenase 
a-ketoglutaric dehydrogenase (5.5 mg of protein per ml) in 0.01 
M phosphate at pH 7.5 was incubated with trypsin (1 mg per 100 
mg of dehydrogenase) at 20°. At specified intervals, aliquots 
were taken out and the proteolysis was stopped by the addition 
of twice as much trypsin inhibitor, by weight, as the trypsin pres- 
ent in the sample. For the zero time control, trypsin inhibitor 
was added before trypsin addition. The activity of the digested 
preparation in the various assays is shown as percentage of original 
activity recovered at the specified time. @——@, Dihydrothioc- 
tyl dehydrogenase; O——O, a-ketoglutarate-dye assay; O---O, 
a-ketoglutarate-DPN assay. 
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controlled heating, treatment with urea, and digestion with 
trypsin, were examined. Heating for 5 minutes at 40 to 60° 
resulted in parallel loss of the a-ketoglutarate-DPN and a-keto- 
glutarate-dye reduction activities. No precipitate was formed 
under these conditions. Aliquots of enzyme exposed to 4, 6, 
and 8 mM urea and immediately dialyzed provided more useful 
results. With 6 and 8 m urea, the a-ketoglutarate-DPN and 
a-ketoglutarate-dye reduction activities were lost but the dihy- 
drothioctyl dehydrogenase activity was maintained almost com- 
pletely. However, with 4 mM urea, almost 70% of the a-ketoglu- 
tarate oxidation activity, with both DPN and dye as acceptors, 
was recovered. Centrifugation at high speed (see below) re- 
sulted in sedimentation of the protein in the same manner as the 
enzyme which had not been exposed to urea. This suggested 
that the molecular weight was unchanged in these experiments. 
Trypsin digestion which preserved both the a-ketoglutarate-dye 
reduction activity and the dihydrothioctyl dehydrogenase ac- 
tivity seemed the most promising procedure for further study. 

The results of a typical trypsin digestion experiment are shown 
in Fig. 1. The trypsin activity was stopped by the addition of 
the soya-bean trypsin inhibitor at the specified time. The ac- 
tivity in the a-ketoglutarate-DPN assay which represents the 
physiological reaction was lost completely in a short time while 
the a-ketoglutarate-dye reduction activity fell to approximately 
one-half in the same period followed by slower decline. The 
dihydrothioctyl dehydrogenase activity showed a rapid increase, 
amounting to 30 to 50% in different experiments, and was sub- 
sequently maintained with little loss for prolonged periods of 
incubation even extending to 33 hours in one experiment. 

It is seen that the loss of the physiological activity under these 
conditions is concomitant with the initial rapid loss in the a- 
ketoglutarate-dye reduction activity and the increase in dihy- 
drothioctyl dehydrogenase activity. It has been shown pre- 
viously that the a-ketoglutaric dehydrogenase complex has a 
high molecular weight and can be sedimented by centrifugation 
at 144,000 x g for 2 hours (6). When the dehydrogenase com- 
plex was digested with trypsin and then centrifuged at high 
speed, the residual a-ketoglutarate-dye reduction and dihydro- 
thioctyl dehydrogenase activities remained almost entirely in the 
supernatant solution (Table I, Experiment 2). In a parallel 
centrifugation with the undigested enzyme little activity was 
recovered in the supernatant (Experiment 1). It has not been 
possible to restore the a-ketoglutarate-DPN activity destroyed 
by trypsin digestion by the addition, singly or combined, of di- 
phosphothiamine, thioctamide, boiled extracts from yeast or 
liver, and protein containing extracts from mitochondria or 
mitochondrial acetone powders. 

Separation of the a-ketoglutarate-dye reduction activity and 
the dihydrothioctyl dehydrogenase, with but slight cross-contam- 
ination, from the above high speed supernatant, as well as con- 
siderable purification of each, was obtained by fractionation 
with ammonium sulfate (Table II). In the routine procedure, 
the high speed supernatant was brought to 20% saturation with 
solid ammonium sulfate which precipitated any residual traces 
of undigested a-ketoglutaric dehydrogenase complex together 
with an inactive residue. To the supernatant obtained after re- 
moving the precipitate, additional ammonium sulfate was added 
to 30% saturation, which resulted in precipitation of over one- 
half of the original protein. The precipitate, recovered by cen- 
trifugation, was dissolved in 0.01 m phosphate at pH 7.5. It 
contained most of the a-ketoglutarate-dye reduction activity. 
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Addition of ammonium sulfate to the supernatant to 40% satura- 
tion yielded a small precipitate which often had a high specific 
activity in the a-ketoglutarate-dye assay. There was no sig- 
nificant precipitate between 40 and 50% saturation. The dihy- 
drothioctyl dehydrogenase was then precipitated as a deep yellow 
fraction on increasing the ammonium sulfate to 60% saturation. 
The precipitate was collected and dissolved in 0.01 m phosphate 
at pH 7.5. 

Further purification of dihydrothioctyl dehydrogenase (Table 
II) was achieved by dialysis against cold distilled water until the 
solution was essentially salt-free which resulted in the formation 
of a colorless inactive precipitate. The centrifuged supernatant 
was brought to 0.02 m with phosphate at pH 7.5 and stored 
frozen. The specific activity of this final fraction varied from 
60 to 100 with the particular batch of pi-thioctamide (see “‘Ex- 
perimental Procedure’’). 

Properties of Dihydrothioctyl Dehydrogenase—The dihydrothi- 
octyl dehydrogenase preparation was bright yellow and showed 
strong greenish yellow fluorescence in ultraviolet light. The 
absorption spectrum of the enzyme showed peaks at 273, 355 to 
365, and 455 my, and a shoulder at 485 my. These observations 
suggested that the enzyme might be a flavoprotein. 

In 1952, we had reported that diaphorase activity was present 
in preparations of a-ketoglutaric-dehydrogenase but attributed 
the presence to possible contamination. Huennekens et al. (16) 
suggested that the DPNH oxidation activity may be an integral 
part of a-ketoglutaric-dehydrogenase. We have found that the 
dihydrothiocty] dehydrogenase derived from a-ketoglutaric de- 
hydrogenase complex shows increasing diaphorase activity during 
purification (Table II) although the ratio of the two activities 
changes considerably at the last step of purification. These re- 
sults, as well as the completely independent observations of 
Massey (17) that a purified diaphorase had dihydrothiocty] de- 
hydrogenase activity, strengthen the possibility that Straub 
diaphorase may be derived from a-keto acid dehydrogenases.” 

Prosthetic Group—The absorption spectrum of a trichloroacetic 
acid extract of dihydrothioctyl dehydrogenase shows peaks at 
266, 375, and 450 my which are typical of riboflavin derivatives 
(18). In order to identify the flavin, a boiled extract of the en- 
zyme was chromatographed on paper in the isobutyric acid- 
ammonia-water system (19) and 5% NasHPO, (20). A single 
spot which showed bright yellow fluorescence under ultraviolet 
illumination was observed. The Rr values in the two systems 
respectively were as follows: FMN, 0.13 and 0.48; FAD, 0.05 
and 0.35; flavin from enzyme, 0.05 and 0.35. The enzyme flavin 
was inseparable from FAD in mixed chromatography whereas 
it was readily separated from FMN. The boiled extract from 
the enzyme restored the activity of apo-p-amino acid oxidase 
which is known to be specific for FAD (11). The K,, for au- 
thentic FAD was 1.97 x 10~7 m and for the enzyme flavin the 
value was 1.84 x 10-7 m. These values are based on the molar 
absorbancy index of 11.3 X 10-* at 450 my in acid solutions (18). 
These results establish that the prosthetic group of dihydrothi- 
octyl dehydrogenase is FAD. However, attempts to remove the 


2 Considerable unpublished work on this aspect of the problem 
leaves little doubt that thioctyl dehydrogenase and Straub’s di- 
aphorase are essentially the same enzyme. The different isola- 
tion procedures seem to produce minor changes in properties. 
The cause of anomalies in the diaphorase assay with 2,6-dichloro- 
phenolindophenol as the acceptor will be discussed in a separate 
publication which is in preparation. 
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TABLE I 

Disruption of a-ketoglutaric dehydrogenase complex by trypsin 

In Experiment 1, a-ketoglutaric dehydrogenase was centrifuged 
at 40,000 r.p.m. for 60 minutes in the No. 40 rotor of the model 
L Spinco centrifuge. In Experiment 2, a different preparation of 
the enzyme (original) was digested with trypsin for 10 minutes 
(see Fig. 1 for experimental conditions) and similarly sedimented. 
(The ratio of a-ketoglutarate-DPN to a-ketoglutarate-dye activ- 
ity varies with the age of the preparation since the former activity 
is more labile. The enzyme for Experiment 1 was prepared from 
a particulate fraction which had been kept frozen for several 
months.) 












































Activity 
E i- a-K 1 i . 
ment | dehydrogenase | Protein aKeto- | a-Keto- (Dihydrothioc- 
glutarate- | glutarate- | tyl dehydro- 
DPN € genase 
mg units 
1 Original 79 233 9.8 418 
Sediment 173 6.0 317 
Supernatant 18 18 0.7 48 
2 Original 198 750 12 1360 
Digested 190 8 10 1590 
Sediment 49 2 1 203 
Supernatant 125 5 8 1640 
TABLE II 
Fractionation of trypsin digest of a-ketoglutaric dehydrogenase 
Specific activity 
Fraction Protein Dihydro- 
a-Keto- r . 
h 1 Diaph 
=" leh oo 
mg 
a-Ketoglutaric dehydrogenase.| 198 | 0.060 6.86 0.16 
PURER CUED, oss 0.0 oe corp 01ers 190 | 0.052 8.38 0.16 
High speed supernatant....... 125 | 0.067 13.1 0.19 
Ammonium sulfate (20-30)....; 79 | 0.077 1.22 0.03 
Ammonium sulfate (30—-40).... 17 | 0.106 2.78 0.06 
Ammonium sulfate (50-60)....| 21 0.014 42.5 0.89 
Dialyzed fraction............. 14 87.6 3.26 

















FAD reversibly by exposure of the enzyme to acidic ammonium 
sulfate at pH 2.5 to 3.5 (11) were unsuccessful. 

Two preparations of dihydrothioctyl dehydrogenase were ex- 
amined in the Perkin-Elmer model 38 Tiselius electrophoresis ap- 
paratus. At pH 7.2 (0.05 m phosphate-0.05 m NaCl) a major pro- 
tein peak amounting to approximately 84% of the protein with 
two minor faster moving components was observed. The second 
experiment, carried out similarly at pH 6.5, again showed one 
major peak, with 78% of the protein, and two small peaks. In 
both experiments the yellow color was associated with the major 
component. The mobilities respectively were 2.4 X 10-5 and 
2.1 X 10-*° cm? sec! volt! and are in good agreement with the 
values of 2.43 X 10-' and 2.2 X 10-5 cm? sec™ volt~ obtained by 
Savage (10) for diaphorase. The two preparations contained one 
mole of flavin per 75,000 g and 80,000 g, respectively. From 
the known electrophoretic purity of the preparations, it may be 
calculated that the minimum molecular weight of the flavopro- 
tein should be close to 63,000. The preparations made by the 
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Fie. 2. Reduction of dihydrothioctyl dehydrogenase by 
DPNH. Curve A is the spectrum of 3.5 mg of dihydrothiocty] de- 
hydrogenase in 0.73 ml of phosphate buffer, pH 7.2. Curve B 
shows the spectrum after addition of 1.25 umoles of DPNH in 0.07 
ml. Curve C is the difference spectrum corrected for the volume 


change, Curve A minus Curve B. The reduction was carried out 
an an atmosphere of nitrogen. 
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Fig. 3. Reduction of flavoprotein by dihydrothioctate. Curve 
A, 3.5 mg of dihydrothioctyl dehydrogenase in 0.6 ml; Curve B, 
above after the addition of 0.122 umole of pi-dihydrothioctate in 
0.01 ml; Curve C, difference spectrum, A minus B; Curve D, after 

addition of 0.4 umole of DPN in 0.01 ml to B. 





procedure described above usually had 1 mole of flavin per 64,000 
to 85,000 g. The preparation described in Table II had 1 mole 
of flavin per 85,000 g. It is believed that the flavin content may 
be a more reliable index of purity of dihydrothioctyl dehydrogen- 
ase prepared by this method than enzymatic activity, since, as 
indicated in “Experimental Procedure”, the purity of the pL- 
thioctamide was in some doubt. Occasional variability in the 
diaphorase activity with 2,6-dichlorophenolindophenol renders 
this assay also of limited value. 

Reduction of Flavoprotein—Since it was not possible to resolve 
the FAD from the enzyme, evidence for participation of the co- 
factor in the oxidation-reductions was sought from spectral 
changes produced by substrates. Fig. 2 shows that reduction of 
dihydrothioctyl dehydrogenase by DPNH results in a decrease in 
the 460-my peak and 485-my shoulder, and the appearance of a 
new absorption peak around 510 to 540 mu. Similar changes in 
the 500 to 600 my region in flavoprotein spectra have been re- 
cently observed (21-23). The reduced spectrum, which is simi- 
lar to that observed by Savage (10), remains unchanged after 
standing for 6 hours at room temperature under nitrogen. The 
difference spectrum (oxidized minus reduced, Curve C) shows a 
peak at 535 my. Addition of dithionite leads to further bleach- 
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ing in the 400 to 500 my region and complete elimination of the 
500 to 600-my peak. The curve obtained is similar to Curve C, 
Fig. 5. The flavoprotein spectrum is also changed by the addi- 
tion of reduced thioctate (Fig. 3). The difference spectrum, 
Curve C, again shows peaks at 460 my and 485 my, and a valley 
in the region of 500 to 600 my which represents the appearance of 
a new peak around 520 my in the reduced enzyme. Since di- 
hydrothioctate, unlike DPNH, has little absorption in the near 
ultraviolet region, the observed changes below 430 my become 
significant. In any case, the reference cuvette also received an 
equal amount of dihydrothioctate. The reduced enzyme shows 
peaks also at 320 and 420 muy (seen as valley in Curve C) which 
have not been observed previously with other flavoproteins, 
When DPN is added to the reduced enzyme, the 455-my peak 
and 485-my shoulder reappear (Curve D) although there is a net 
decrease in the absorption from 400 to 480 my, the maximum de- 
crease being around 420 to 425 my. It is significant that the 
ratio of absorbancy at 455 my to that of 485 my in Curves A and 
D are nearly the same (0.129 and 0.132, respectively). Again, 
dithionite addition yields a spectrum similar to Curve C, Fig. 5. 
The data in Figs. 2 and 3 indicate that the flavin of the dihydro- 
thioctyl dehydrogenase is functional in the catalytic oxidation- 
reductions. 

Fig. 4 shows the spectral changes when the enzyme is reduced 
with a-ketoglutarate and catalytic amounts of a-ketoglutaric de- 
hydrogenase. The ultimate electron acceptor in the oxidation of 
the keto acid is the flavoprotein as shown in Equations 1 and 2 


KG! + CoA + E — succinyl-CoA + EH: + CO, = (1) 
EH, a E.-FAD =} E a E.-FADH, (2) 


where E represents the a-ketoglutaric dehydrogenase complex 
and E2-FAD represents the dihydrothioctyl dehydrogenase flavo- 
protein added in substrate amounts with the spectrum measured 
before (Curve A) and after reduction (Curve B and C). It is 
seen that, as in Figs. 2 and 3, the absorption at 455 and 485 mu 
is reduced and the 500 to 600-my peak is prominent. The 420- 
my peak appears immediately but is lost on standing for 30 
minutes. The reduction of the flavoprotein by a-ketoglutaric 
dehydrogenase complex shown in Fig. 4 is slow presumably be- 
cause of steric factors in the interaction between dihydrothioctate 
and FAD which are both bound tightly to different proteins. 
However, if a catalytic amount of DPN is introduced, Reactions 
1, 3, and 4 become operative and the reduction is instantaneous. 
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Fig. 4. Reduction of flavoprotein by a-ketoglutarate and 
a-ketoglutaric dehydrogenase. Curve A, 2.73 mg of dihydrothioc- 
tyl dehydrogenase in 0.72 ml containing also phosphate, pH 7.3 
(25 wmoles), a-ketoglutarate (1 umole), CoA (0.2 mg), cysteine 
(5 pmoles); Curve B, above immediately after the addition of 61 
ug of a-ketoglutaric dehydrogenase; Curve C, same after 30 min- 
utes and after 4 hours. 
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The resulting spectrum, shown in Fig. 5, Curve B, does not change 
with time, and shows only bleaching in the 400 to 600 my region 
in contrast to the peaks seen at 500 to 600 my with the partially 
reduced enzyme in Figs. 2 to 4. The reduction of the dihydro- 


EH, + DPN*+ — E + DPNH + Ht (3) 


DPNH + H* + E.-FAD @ DPN?t + E,-FADH, (4) 
thioctyl dehydrogenase should be complete in this experiment 
since the reaction is driven by the oxidative decarboxylation of 
a-ketoglutarate which reaction is essentially nonreversible (24). 
This is confirmed by the relatively small change in the absorption 
spectrum observed after further addition of dithionite (Curve C). 
The slight decrease that is actually obtained may be due to either 
small amounts of other contaminating reducible impurities or to 
denatured dihydrothioctyl dehydrogenase incapable of reduction 
by substrate. 

If dithionite is added directly to dihydrothioctyl dehydrogen- 
ase, the reduced enzyme has a spectrum identical with that shown 
in Fig. 5, Curve C. Subsequent addition of DPNH, or of thioc- 
tate, to the mixture produces no further change. Dolin (21) ob- 
tained with the DPNH peroxidase of Streptococcus faecalis an in- 
crease in the 500- to 600-my peak on the addition of DPNH after 
reduction with dithionite, and therefore associated this spectral 
change with an enzyme-substrate complex. 

It is seen from Figs. 2 and 3 that the DPNH and dihydrothioc- 
tate, although present in large excess compared to the dihydro- 
thioctyl dehydrogenase, do not reduce the enzyme completely, as 
judged by the residual absorbancy at 460 my. On the other 
hand, a-ketoglutarate, as well as dithionite, produce a far greater 
bleaching of the visible spectrum. These results suggest strongly 
that the oxidation-reduction potential of the flavoprotein is in 
the neighborhood of the DPN/DPNH and thioctate /dihydro- 
thioctate couples. In order to determine the actual value, the 
equilibrium constant of Reaction 4 was determined. The 
amount of dihydrothioctyl dehydrogenase used in the determina- 
tions was based on the FAD content. The difference in the ab- 
sorbancy at 460 my between the enzyme as such and the enzyme 
after reduction with a-ketoglutarate, corresponding to Curves A 
and B, respectively, in Fig. 5, was taken as a measure of the 
change due to 100% reduction. A known amount of DPNH 
was added to the enzyme under essentially anaerobic conditions, 
and after equilibrium had been established, which was indicated 
by no further changes in the readings at 340 my, the absorbancy 
at 460 my was redetermined. The difference in absorbancy at 
460 mp (oxidized minus reduced) gave the extent of reduction of 
the flavoprotein. The DPN produced in the reaction was also 
measured (see Table III). The calculated concentration of each 
component at equilibrium is shown in Table III. The equilib- 
rium constant at pH 7.0 and 22°, K’, is defined as (E-FAD) 
(DPNH) /(E-FADH:)(DPN) and is shown in the last column. 
The ratio of DPNH to DPN varied from 1.1 to 3.8. Wider 
changes in the ratio introduced technical difficulties in the meas- 
urements. The average value for the equilibrium constant was 
3.2. The difference in standard potential of the two half-reac- 
tions (DPN/DPNH and E-FAD/E-FADH):) is related to the 
equilibrium constant of the reaction between the couples at simi- 
lar conditions by the equation: AE, = (RT/n F) In K’. Since 
the average K’ is 3.2, the AE, = 0.029 x log 3.2 = 0.015 volts. 
Since the oxidation-reduction potential of the DPN/DPNH 
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Fie. 5. Total reduction of flavoprotein. Curve A, 3.5 mg of 
dihydrothioctyl dehydrogenase in 0.66 ml volume containing 
phosphate, pH 7.0 (25 umoles), a-ketoglutarate (1.5 umoles), CoA 
(0.2 mg), cysteine (0.7 umole) and DPN (0.04 umole); Curve B, 
above after the addition of 70 ug of a-ketoglutaric dehydrogenase; 
Curve C, after the addition of excess sodium dithionite. 


couple is —0.320 volt (25), the potential of the flavoprotein, also 
at 25°, is —0.332 volt. (See “Note Added in Proof.’’) 

The purified dihydrothioctyl dehydrogenase was assayed for 
bound thioctic acid with thioctate-deficient cells of S. faecalis 
as described by Wagner et al. (15). The digest from 48 ug of 
flavoprotein gave 11 ul O2 uptake which was exactly the same 
as that obtained with the control flasks. At the same time, pL- 
thioctate added in an amount equivalent to twice the FAD con- 
tent of 48 ug of the enzyme showed O, uptake of 175 wl. Only 
(+)thioctate is active in the system. Obviously, no thioctate 
was present in this sample of dihydrothioctyl dehydrogenase. 
In another experiment, the thioctate: FAD ratio, based similarly 
on the oxygen uptake, came out to be less than 0.2. These re- 
sults show that the dihydrothioctyl dehydrogenase component 
does not carry the thioctate present in the a-ketoglutaric dehy- 
drogenase complex, and are consistent with the findings of Hager 
(1, 26) that Fraction B of the Escherichia coli pyruvic dehydro- 
genase contained no thioctic acid. 


TaBLe III 
Equilibrium constant for dihydrothioctyl dehydrogenase reaction 


Approximately 2.5 mg of dihydrothioctyl dehydrogenase and 5 
ug of catalase in 0.6 ml of phosphate buffer were taken in a stop- 
pered cuvette and the absorbancy at 460 my was read. The cu- 
vette was flushed with nitrogen, a known amount of DPNH was 
introduced, and the cuvette was stoppered. The DPNH was 
mixed with the flavoprotein under nitrogen and the readings at 
340 and 460 my were followed every 10 minutes until constant val- 
ues were obtained. The reaction mixture was cooled, depro- 
teinized with perchloric acid (2%), neutralized, and DPN deter- 
mined in the supernatant with alcohol dehydrogenase and ethanol. 

The pH of the mixture in Experiments 1 and 2 was 7.2; however, 
the K’ has been corrected for pH 7.0. The pH in Experiments 
3 to 5 was 7.0. 














Experiment DPHN added | DPN formed | Reduced enzyme kK’ 
pmoles 

1 0.62 0.29 0.079 1.9 

2 1.23 0.39 0.104 2.3 

3 1.92 0.70 0.089 3.7 

4 .03 0.42 0.126 4.6 

5 1.40 0.41 0.112 3.6 
Average 3.2 
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DISCUSSION 


The aim of the present work, namely, the resolution of the 
different units that constitute the integrated a-ketoglutaric de- 
hydrogenase complex, has been successful only in part. Al- 
though trypsin digestion and subsequent fractionation with am- 
monium sulfate has yielded two fractions which retain some of the 
activities associated with the original complex, the physiological 
activity leading to the formation of succinyl CoA is lost, and at- 
tempts to restore it have been unsuccessful. The current concept 
of the steps involved in the oxidative decarboxylation of a-keto 
acids are shown in Equations 5 to 8. The low ammonium sulfate 
fraction contains E; and, in all probability, is capable of catalyz- 
ing Reaction 5 since, in the absence of an oxidant, it is an active 
decarboxylase.’ 


R—CO—COOH + E; — E:i—R—CHO + CO, (5) 
S 
i 
E,:—R—CHO + CoASH + aS — 


a aia 
a 
E, + R—CO—S—CoA + j T 


L Neu | 
[ rig Wi 


nf + E.—FAD 2 ; T + E.—FADH, (7) 
l . \ 


E,—FADH: + DPNt @ E:—FAD + DPNH + H+ (8) 
R—CO—COOH + CoASH + DPN* — 
R—CO—S—CoA + DPNH + H* + CO; (sum) 


It also promotes an oxidative step, but only with artificial elec- 
tron acceptors like 2,6-dichlorophenolindophenol. CoA is not 
required for the reaction and succinate is the product. The 
oxidation-reduction coenzyme for the reaction has not been defi- 
nitely identified. Equation 6 probably consists of more than 
one step since evidence consistent with the formation of a suc- 
cinyl-enzyme intermediate, in the absence of CoA, has been ob- 
tained previously (3). Actually, this is the most interesting 
part of the sequence since it is concerned with energy conserva- 
tion, and it is also the least understood. It is some component of 
this reaction that is destroyed by trypsin. It is not clear whether 
the thioctate shown in parentheses in Equations 6 and 7 is part 
of enzyme E; or is bound to some other protein. 

The second fraction, dihydrothioctyl dehydrogenase, is repre- 
sented by E, in the above sequence. It is a flavoprotein con- 
cerned with the transfer of electrons from the dithiol to DPN 
(Equations 7 and 8). The reaction with exogenous thioctate or 
thioctamide, documented in this paper, is a model for Reaction 
7 which involves the enzyme-bound thioctate. 

The purified dihydrothioctyl dehydrogenase has a number of 
interesting properties. On partial reduction by either DPNH 
or dihydrothioctate, an absorption band in the 500 to 600 mu 
region appears. It is stable for several hours and disappears 
only on complete reduction of the flavoprotein. This peak is not 
due to an enzyme-substrate complex, as it seems to be the case 
with a similar peak in DPNH peroxidase (21), since it appears 
even with far less than stoichiometric amounts of substrate (Fig. 


(9) 


3 Unpublished data. 
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4). Beinert (22, 23) has strong evidence that a similar absorp. 
tion band in certain other flavoproteins is caused by a relatively 
stable free radical. The evidence presented here, although lim- 
ited, is consistent with the conclusion that in the dihydrothiocty] 
dehydrogenase also this band may be associated with the semi- 
quinoid form of the flavoprotein. 

The absorption peaks at 320 mu and 420 my seen with the par- 
tially reduced enzyme in Figs. 3 and 4 are quite unique and have 
not been observed with other flavoproteins. The absorption of 
DPNH in this region makes it difficult to determine whether 
these peaks exist in the enzyme reduced with this substrate also, 
It is conceivable that 320-my peak in the reduced enzyme repre- 
sents a shift of the 360- to 365-my peak of the oxidized enzyme 
toward shorter wave lengths. On the other hand, the 415 to 
420-my peak appears to be unique. It is less stable than the 
500- to 600-my absorption band and is lost on standing for 30 
minutes (Fig. 4). The chromophore responsible for the absorp- 
tion has not been identified. The peaks may be associated with 
an enzyme-dithiol group which is known to be present and fune- 
tional in the dihydrothioctyl dehydrogenase reaction.’ 

The flavoprotein has a low oxidation potential, in the same re- 
gion as DPN and thioctate. This is consistent with the ready 
reversibility of the reaction as well as the high initial reaction 
rates in both directions. Two other flavoproteins with similarly 
low oxidation potentials are xanthine oxidase (27) and micro- 
somal DPNH cytochrome reductase (28). 

The flavoprotein has strong diaphorase activity. During the 
course of this work (4, 5), a preliminary report by Massey (17) 
appeared which showed that a diaphorase preparation had 
dihydrothioctyl dehydrogenase activity and that diaphorase re- 
stored the DPN reduction activity of resolved a-ketoglutaric de- 
hydrogenase (29). The relationship between diaphorase and di- 
hydrothioctyl] dehydrogenase has been examined in considerable 
detail in our laboratory and will form the subject of a separate 
communication. There seems to be little doubt that Straub 
diaphorase is derived from a-ketoglutaric dehydrogenase com- 
plex, and perhaps also from pyruvic dehydrogenase complex. 

These results are in agreement with the evidence of Koike and 
Reed (30) and Notani and Gunsalus (31) that the dihydrothioc- 
tyl dehydrogenase of E. coli is a flavoprotein. 


SUMMARY 


The a-ketoglutaric dehydrogenase complex from hog hearts 
can be disrupted into low molecular weight components by di- 
gestion with trypsin. Ammonium sulfate fractionation of the 
digest yields two distinct fractions. One fraction catalyzes the 
reduction of 2,6-dichlorophenolindophenol by a-ketoglutarate. 
The other fraction, dihydrothioctyl dehydrogenase, has been 
characterized as a flavoprotein with flavin adenine dinucleotide 
as its prosthetic group. The minimum molecular weight based 
on the flavin content is 63,000. Partial reduction of the flavo- 
protein by the substrates gives rise to a strong absorption band 
in the 500 to 600 my region. In addition, two other peaks, 
around 320 my and 420 mu, appear. The flavoprotein also 
has high diaphorase activity. 


Note Added in Proof—Recent work (32, 33, 34) has indicated 
that in the reduced dihydrothiocytl dehydrogenase there may 
be an interaction between FADH: and a disulfide group. Addi- 
tion of arsenite or cadmium ion eliminates the interaction and 
reduces further the absorbancy at 460 my although not to the 
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same extent as when the enzyme is reduced with dithionite or 
as in Reactions 3 and 4. Since the reduction in the presence of 
arsenite or Cd*+*+ by DPNH added in excess of the enzyme is 
still incomplete, the true E,’ value is probably between —0.320 
and —0.332 volt.) 


REFERENCES 


1. Gunsauus, I. C., in W. D. McEuroy anp B. Guass (Editors), 
The mechanism of enzyme action, The Johns Hopkins Press, 
Baltimore, 1954, p. 545. 

2. SanabDI, D. R., Lanetey, M., ano Searts, R. L., J. Biol. 
Chem., 284, 178 (1959). 

3. SanaDI, D. R., LANGLEY, M., anv WuiteE, F., J. Biol. Chem., 
234, 183 (1959). 

4, Searts, R. L., anp Sanap1, D. R., Federation Proc., 18, 320 
(1959). 

5. Searzs, R. L., anp Sanant, D. R., Proc. Natl. Acad. Sci. U.S., 
45, 697 (1959). 

6. Sanapl, D. R., LirrLeriexp, J. W., Jr., AND Bock, R. M., J. 
Biol. Chem., 197, 851 (1952). 

7. Sanapi, D. R., Grpson, D. M., AyENGAR, P., AND Jacos, M., 
J. Biol. Chem., 218, 505 (1956). 

8. Sanap1, D. R., aNp LitTLEFIELD, J. W., Jr., J. Biol. Chem., 
201, 103 (1953). 

9. Sanapti, D. R., anv LitrLEFIELD, J. W., Jr., J. Biol. Chem., 
193, 683 (1951). 

10. SavaaeE, N., Biochem. J., 67, 146 (1957). 

11. NEGELEIN, E., aND BromgEt, H., Biochem. Z., 300, 225 (1939). 

12. KornBERG, A., AND Pricer, W. E., J. Biol. Chem., 193, 481 

(1951). 
13. Racker, E., J. Biol. Chem., 184, 313 (1950). 


R. L. Searls and D. R. Sanadi 


2491 


14. Reep, L. J., Korke, M., Levitcu, M. E., anp Leacu, F. R., 
J. Biol. Chem., 232, 143 (1958). 

15. Waaener, A. F., Watton, E., Boxer, G. E., Pruss, M. P., 
Hotty, F. W., anp Fouxkers, K., J. Am. Chem. Soc., 78, 
5079 (1956). 

16. HuENNEKENS, F. M., Basrorp, R. E., anp GaBrrio, B. W., J. 
Biol. Chem., 218, 951 (1955). 

17. Massey, V., Biochim. et Biophys. Acta, 30, 205 (1958). 

18. WarBurG, O., AND CurIsTIAN, W., Biochem. Z., 298, 150 (1938). 

19. Crammer, J. L., Nature (London), 161, 349 (1948). 

20. Carter, C. E., J. Am. Chem. Soc., 72, 1466 (1950). 

21. Doutn, M. I., J. Biol. Chem., 226, 557 (1957). 

22. Bernert, H., J. Biol. Chem., 225, 465 (1957). 

23. Bernert, H., anp Crang, F. L., in W. D. McEuroy anp B. 
Guass (Editors), A symposium on inorganic nitrogen metab- 
lism, The Johns Hopkins Press, Baltimore, 1956, p. 601. 

24. GotpBerG, M., anp Sanapt, D. R., J. Am. Chem. Soc., 74, 
4972 (1952). 

25. Burton, K., anp Witson, T. H., Biochem. J., 64, 86 (1953). 

26. Hager, L. P., Ph.D. Thesis, University of Illinois, 1953. 

27. Mackuer, B., Mauter, H. R., anp Green, D. E., J. Biol. 
Chem., 210, 149 (1954). 

28. SrRiTrMaTTER, P., AND VELICK, S. F., J. Biol. Chem., 228, 785 
(1957). 

29. Massey, V., Biochim. et Biophys. Acta, 32, 286 (1959). 

30. Koike, M., ano Reep, L. J., J. Am. Chem. Soc., 81, 505 (1959). 

31. Notani, G. W., anp Gunsatus, I. C., Federation Proc., 18, 
295 (1959). 

32. Sears, R. L., anp Sanapt, D. R., Biochem. Biophys. Res. 
Comm. 2, 189 (1960). 

33. Searts, R. L., anp Sanapi, D. R., Symposium on light and 
life, W. D. McEtroy anp H. B. Guass (Editors) Johns 
Hopkins University Press, in press. 

34. Srarts, R. L., anp Sanapt, D. R., J. Biol. Chem., in press. 











Tue JourRnAL or Biotogica, CHEMISTRY 
Vol. 235, No. 8, August 1960 
Printed in U.S.A. 


The Nature of the Heme Binding in Microsomal Cytochrome b+ 


PHILIPP STRITTMATTER 


From the Department of Biological Chemistry, Washington University School of Medicine, Saint Louis, Missouri 


(Received for publication, April 1, 1960) 


In earlier work (2, 3) the isolation, physical properties, and 
chemical reactions of rabbit liver microsomal cytochrome b; were 
described. The nature of heme! binding in this heme protein 
has now been examined with calf liver microsomal cytochrome 
bs. This first involved the preparation of undenatured apocyto- 
chrome 6; and the apoprotein of an iodinated and acetylated 
derivative of cytochrome b;. With these preparations, it was 
possible to determine whether heme binding involves any one 
of a number of amino acid residues on the apoprotein by ob- 
serving the effects of several group specific reagents on proto- 
hematin? interaction with apoprotein. These data indicate that 
heme binding in microsomal cytochrome 6; requires one spe- 
cific imidazole group but does not involve either sulfhydryl 
groups or tyrosyl residues. 


EXPERIMENTAL PROCEDURE 


Optical measurements were made in a calibrated Beckman 
DU spectrophotometer with a photomultiplier attachment to 
maintain low slit widths. Slit widths between 0.04 and 0.10 
mm were used for all measurements, resulting in band widths 
for the incident light of 0.2 to 1.0 my at half the maximal light 
intensity. Absorbancy readings were made on 0.20 ml samples 
in silica micro cells with a 1-cm light path and a 0.75 ml ca- 
pacity. The method of Boyer (4) was used for the determina- 
tion of protein sulfhydryl groups with p-chloromercuribenzoate 
in 0.1 m sodium phosphate buffer, pH 7.5. 

The ratio of tyrosine to tryptophan in apocytochrome b; was 
estimated by the method of Beaven and Holiday (5). The 
tyrosine content of various cytochrome preparations was de- 
termined in two ways: (a) by the increase in absorbancy of 
tyrosyl residues at 295 mu when the pH is raised from 7.5 to 13, 
if an increase in the molar extinction coefficient of 2330 is as- 
sumed (5), and (b) by the increase in absorbancy at 312 my 
after iodination of the protein tyrosyl residues to the diiodo 
derivatives, if a molar extinction coefficient for diiodotyrosine of 
5500 is assumed (6). The proteins were iodinated by incubation 
of 0.0015 umole of protein with 0.02 umole of iodine and 0.04 
umole of potassium iodide in 0.20 ml of 0.1 m sodium borate, 
pH 9.1, for 15 minutes at 25°. 


* A preliminary report of this work has appeared (1). This in- 
vestigation was supported by research grants H-2768 from the 
National Heart Institute, United States Public Health Service, 
and NSF-G4552 from the National Science Foundation. 

1 Heme refers to iron protoporphyrin IX in which the iron is in 
either the oxidized or reduced form. 

? Protohematin refers to ferriprotoporphyrin IX in which the 
associated anion is probably a hydroxyl group since the pH in 
these experiments was between 7.5 and 9.1. 


The tryptophan content of apocytochrome b; was calculated 
from the ratio of tyrosine to tryptophan, and from the tyrosine 
content of the protein, or from the absorbancy of apocytochrome 
bs in 0.1 m sodium phosphate buffer, pH 7.5, at 278 my, the 
measured tyrosine content and the known molar extinction 
coefficients of tyrosine and tryptophan being 1,280 and 5,550, 
respectively, at this wave length (5). 

Stock solutions of 0.01 m diazotized sulfanilic acid were pre- 
pared by the procedure described by Tabachnick and Sobotka 
(7) for the preparation of diazotized arsenilic acid. The stock 
solution was stable at 0° for at least 8 hours and was diluted to 
10-* to 2 x 10-°m with water at 0° for a number of experiments. 
The concentration of diazotized sulfanilic acid was determined 
quantitatively by the method described by Koltun (8). The 
diazo coupling reactions with chloroacetyl L-tyrosine, L-lysine, 
a-N-acety] t-histidine, apocytochrome b;, and the iodinated and 
acetylated apocytochrome b; derivative were carried out in 0.18 
ml of 0.05 m sodium borate buffer, pH 9.1, at 0° for 2 hours, or 
at 25° for 20 minutes. After the coupling reactions, 0.02 ml of 
1 n NaOH was added to each incubation mixture, and the ab- 
sorption spectrum was determined between 340 and 600 my. 
The molar extinction coefficients and absorption maxima de- 
termined by Tabachnick and Sobotka (7), and confirmed here, 
for the azo derivatives of several amino acid residues were then 
used to analyze the spectral changes resulting from the reaction 
of diazotized sulfanilic acid with the apoprotein preparations. 

The concentration of cytochrome bs; was determined routinely 
from the absorbancy at 413 my, if a molar extinction coefficient 
for cytochrome 6; of 114,000 is assumed. In the case of cyto- 
chrome 6; and various derivatives, this was a direct measure- 
ment, but for the apocytochrome 6; and other apoprotein prep- 
arations the absorbancy was read after recombination with 
protohematin. The recombination of protohematin with apo- 
protein preparations was determined by the increase in ab- 
sorbancy at 413 my after the addition of one equivalent of 
protohematin to the apoprotein in 0.1 m sodium phosphate 
buffer, pH 7.50, at 25° with the molar extinction coefficient for 
cytochrome b; indicated above, and a value of 20,800 for free 
protohematin at this wave length. Protein dry weights were 
determined by drying samples in a vacuum over phosphorus 
pentoxide and heating at 110° to constant weight. 

Recrystallized hemin chloride and bromoacetic acid were ob- 
tained from the Eastman Kodak Company. The hemin chloride 
was dissolved in a minimum amount of 0.1 nN NaOH and diluted 
to give protohematin solutions of desired concentrations at ap- 
proximately pH 9.0. The chloroacetyl t-tyrosine, a-N-acetyl 
L-histidine, and t-lysine were obtained from Nutritional Bio- 
chemicals Corporation. The p-chloromercuribenzoate was a 
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product of the Sigma Chemical Company, Celite was from the 
Johns-Manville Company, diethylaminoethy] cellulose was sup- 
plied by the Brown Company, and Duponol* was from E. I. 
DuPont de Nemours and Company. 

Preparation of Calf Liver Microsomal Cytochrome b;—The calf 
liver microsomal cytochrome bs; was isolated essentially as de- 
scribed previously (2) from rabbit liver, with several modifica- 
tions. The original homogenate was made with 3 rather than 9 
volumes of sucrose medium from 3000 g of fresh calf liver which 
had been passed through a meat grinder. In the second step 
the microsomal fraction was isolated by centrifugation of the 
preparation for 90 minutes at 44,000 x g rather than by am- 
monium sulfate precipitation. Finally, in the fourth step the 
microsomal suspension was treated with 250 ml of lipase solution 
at pH 8.1 and 37° for 3 hours. The yield of cytochrome 6; was 
approximately 100 mg from each 3000 g of calf liver. 

Approximately 20 ml of a 1% solution of cytochrome 6; in 
0.02 m sodium phosphate buffer, pH 7.2, was placed on a column 
2 cm in diameter, containing a mixture of 8 g of Celite, and 2 g 
of diethylaminoethy] cellulose that had been washed for 24 hours 
with 0.02 m sodium phosphate buffer, pH 7.2 at 5°. The column 
containing the cytochrome b; was washed with 200 ml of 0.02 
m sodium phosphate buffer, pH 7.2, and the cytochrome eluted 
with 0.15 m sodium phosphate buffer, pH 7.2. The cytochrome 
b; was stored either in water, 0.1 m Tris buffer at pH 8.1, or 0.02 
m sodium phosphate buffer at pH 7.2 and —15°, and used in all 
of the experiments reported below. 

Preparation of Iodinated and Acetylated Cytochrome b;—A total 
of 0.20 ml of a solution of 2 X 10 m iodine and 4 x 10° 
potassium iodide was added to 0.334 wmole of cytochrome bs in 
2.0 ml of sodium borate buffer, pH 9.1 and 25°, over a period of 
10 to 15 minutes. The solution was cooled to 0° and 0.01 ml 
of cold acetic anhydride was added; the solution was then stirred 
for 10 minutes in an ice bath and then allowed to stand at 0° 
for 2 hours. The iodinated and acetylated derivative was 
dialyzed 3 times against 250 ml of neutralized, glass-distilled 
water at 0°, and either stored at —15° or used immediately in the 
preparation of the iodinated and acetylated apocytochrome bs 
derivative. 

Preparation of Apocytochrome bs and Iodinated and Acetylated 
Apocytochrome bs Derivative—This procedure is a modification of 
the method used by Rossi-Fanelli et al. (9) for the preparation 
of native globin from hemoglobin. From 0.5 to 1.0 umole of 
either cytochrome }; or iodinated and acetylated cytochrome 
bs, in 0.50 ml of glass-distilled water, was placed in a Potter- 
Elvehjem homogenizer and cooled to 0°. Quickly, 10 ml of acid 
acetone (0.1 ml of concentrated HCl and 50 ml of acetone) at 
—70° were added, and the mixture was homogenized intermit- 
tently for 15 minutes. The temperature was maintained be- 
tween —30 and —70° with an alcohol-dry ice bath. The mixture 
was then centrifuged for 10 minutes at 7,000 x g and —15°. 
The pink supernatant fluid was discarded, the precipitate re- 
suspended in 10 ml of acetone at —70°, and the mixture again 
centrifuged for 10 minutes at 7,000 x g and —15°. The clear 
supernatant fluid was discarded and the precipitate was dis- 
solved in 5.0 ml of 0.1 m sodium phosphate buffer, pH 7.5 and 
5°. After dialysis of the preparation three times against 250 ml 
of 0.1 m sodium phosphate, pH 7.5 and 5°, the apocytochrome 
preparations were either used or stored at —15°. 


’ Duponol is a mixture of sodium lauryl] sulfate and other fatty 
alcohol sulfates. 
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RESULTS 


Homogeneity of Cytochrome bs—The calf liver microsomal cyto- 
chrome }; preparations appeared to be homogeneous by several 
criteria. A 0.3% solution of the protein in 0.1 m sodium phos- 
phate buffer, pH 7.2, sedimented as a single sharp and sym- 
metrical boundary for 90 minutes in the Spinco analytical ultra- 
centrifuge at 5°. Another aliquot of the same cytochrome }; 
solution in 0.1 m sodium phosphate buffer, pH 7.2, gave a single 
symmetrical boundary in both the ascending and descending 
limbs of a Klett electrophoresis apparatus after 300 minutes with 
a current of 10.42 ma at 2°. The reactions of the cytochrome 
bs with various oxidation-reduction dyes and its reduction in the 
microsomal cytochrome bs reductase system are the same as those 
of the rabbit liver preparations (2, 10), and indicate a single 
heme protein component. Finally, as the data of Table I show, 
the apocytochrome 6; preparations contain exactly 1 mole of 
tryptophan per mole of heme. 

Molecular Weight—As Table II shows, the minimum molecular 
weight of calf liver microsomal cytochrome b;, based on heme 
content (11) and dry weight determinations, is 12,700. The 
method of Baldwin (12) was used to determine a sedimentation 
coefficient, S2o,., of 1.37 S, and a diffusion coefficient, Dep», of 
8.13 x 10-7 em? sec for a 0.3% solution of calf liver micro- 
somal cytochrome 6; in 0.1 m sodium phosphate buffer, pH 
7.2. These values and a value for the partial specific volume, 
V, of the cytochrome of 0.723, determined by the gradient 
method (13), were used to calculate a molecular weight of 14,400 
from the standard relation for molecular weight (14). The 
agreement in the molecular weights determined by these two 
different methods is fairly good; the variation of all values is 














TaBLe | 
Tryptophan content of apocytochrome bs 
Trypto- 
Preparation Method* “a . 6d 
proteint 
moles 
Apocytochrome b; | Spectrum in alkali and tyrosine | 1.01 
content 
Apocytochrome 6; | Absorbancy at 278 mp corrected | 0.99 
for tyrosine content 





* See ‘‘Experimental Procedure”’ for details of methods. The 
values for the tyrosine content are shown in Table IV. 

t Protein concentration was determined by the method de- 
scribed in ‘‘Experimental Procedure.” 


TaBLeE II 


Minimum molecular weight of calf liver microsomal cytochrome bs 
based on heme content and dry weight 








Trial ont Heme content* | Dry weightt a. ght 
ml pmole mg 
1 0.30 0.158 2.05 12,900 
2 0.30 0.158 1.99 12,600 








* Determined as described previously (2) with the molar ex- 
tinction coefficients reported by Lewis (11) for hemin chloride in 
acid acetone. 

t See ‘‘Experimental Procedure.” 
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Fig. 1. Absorption spectra of oxidized and reduced cytochrome 
bs, apocytochrome b;, and oxidized and reduced apocytochrome 
bs; plus protohematin. Absorbancy readings were taken at 5 my 
intervals over the entire wave length range and at 1 my intervals 
at each absorption maximum or minimum. The protein spectra 
were read in 0.1 m sodium phosphate buffer, pH 7.5, against a con- 
trol tube containing the same buffer at 25°. Sodium hydrosulfite 
was used as the reducing agent. The ¢ values were based on heme 
analysis by the method of Lewis (11). Curve 1, oxidized cyto- 
chrome 6;; Curve 2, reduced cytochrome b;; Curve 3, apocyto- 
chrome b;; Curve 4, oxidized apocytochrome b; plus 1 equivalent 
of protohemin; Curve 5, reduced apocytochrome 6; plus 1 equiva- 
lent of protohematin. 


approximately 14.8%. In view of the inherent difficulties in 
determining an accurate diffusion coefficient by the combined 
sedimentation-diffusion method, however, and since only a single 
protein concentration was used in the physical measurements, 
the value calculated from dry weight and heme content is prob- 
ably a more accurate value for the molecular weight of the calf 
liver microsomal cytochrome bs. 

Spectra of Cytochrome b;, Apocytochrome b;, and Reconstituted 
Cytochrome b;—The absorption spectra of cytochrome bs, apo- 
cytochrome }6;, and apocytochrome 6; in the presence of one 
equivalent of protohematin are shown in Fig. 1. The absorption 
peaks for oxidized and reduced calf liver cytochrome b; in the 
visible region (Curves 1 and 2) are almost identical with those of 
rabbit liver cytochrome b; (2) in position and height. The ab- 
sorption spectrum of the oxidized cytochrome b; in the ultraviolet 
wave length region (Curve 1) shows only one broad and low 
intensity band from 250 to 285 mu, reflecting light absorption 
by both the heme and aromatic amino acid residues, and the 
typical absorption band for proteins below 240 my. The apo- 
cytochrome b; preparation (Curve 3) shows only the absorption 
spectrum of a protein, the absorption band below 240 muy, and a 
single absorption band with a maximum at 278 my characteristic 
of the aromatic amino acid residues. The absence of an ap- 
preciable absorption band at 413 my indicates almost complete 
resolution of this heme protein. When one equivalent of proto- 
hematin is added to the apocytochrome b; preparation (Curve 4), 
an absorption spectrum identical with that of the original oxidized 
cytochrome 6; is obtained. Reduction of this preparation with 
sodium hydrosulfite (Curve 5) results in an absorption spectrum 
identical with that of reduced cytochrome b; (Curve 2). 

Spectra of Iodinated and Acetylated Cytochrome bs and Iodinated 
and Acetylated A pocytochrome b;—The absorption spectrum of the 
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iodinated and acetylated derivative of cytochrome J; is essentially 
unchanged from that of the native cytochrome bs; from 350 to 
600 mu. The apocytochrome 6; derivative prepared from this 
iodinated and acetylated cytochrome bs does not absorb light 
appreciably between 350 and 600 my, indicating almost com- 
plete resolution of this heme protein preparation. The addition 
of one equivalent of protohematin to the iodinated and acetylated 
apocytochrome 6; results in the appearance of an absorption 
spectrum almost identical with the original cytochrome b; from 
350 to 600 mu. 

The procedure used for the preparation of apocytochrome 6, 
and the iodinated and acetylated apocytochrome b; derivative 
consistently gave better than 98 % resolution of the heme proteins 
and 92 and 100% recovery of native protein as measured by the 
ability of these proteins to recombine with protohematin. This 
is evident for one preparation of apocytochrome 6; from an 
inspection of Fig. 1. 

The recombination of protohematin with apocytochrome }; at 
25° is extremely rapid. In less than 5 seconds the reaction is 
complete. In contrast, the iodinated and acetylated apocyto- 
chrome 6; derivative reacts very slowly with protohematin at 
25°; complete recombination requires 20 to 30 minutes. This 
decrease in the rate of recombination is due mainly to the acetyla- 
tion of cytochrome b6;, since an iodinated apocytochrome }; 
derivative, prepared by the first step in the iodination and 
acetylation procedure described above, was found to react rapidly 
with protohematin. 

Reduction of Reconstituted Cytochrome bs and Iodinated and 
Acetylated Cytochrome bs by Cytochrome b; Reductase System— 
When apocytochrome b; is recombined with protohematin it is 
reduced rapidly at the same rate as the original cytochrome 6; 
in the presence of DPNH and microsomal cytochrome 6; re- 
ductase (10). The iodinated and acetylated cytochrome b;, on 
the other hand, is reduced extremely slowly in the microsomal 
cytochrome 6; reductase system; reduction is not complete in 5 
to 10 minutes at 25°. This modification of one of the char- 
acteristic properties of cytochrome b; is again a result of acetyla- 
tion since the iodinated cytochrome 6; preparation was reduced 
rapidly in the reductase system. 

Inhibition of Protohematin Recombination with A pocytochrome 
b; and Iodinated and Acetylated Apocytochrome b;—Table III 
shows the effect of a number of reagents on the reaction of proto- 
hematin with apocytochrome b; and the iodinated and acetylated 
apocytochrome b; derivative. The sulfhydryl group reagent, 
p-chloromercuribenzoate, has no effect on the recombination re- 
actions when it is present in a large excess. Similarly, iodine has 
no effect on recombination at relatively low concentrations under 
conditions favorable for the substitution of tyrosyl residues (15). 
At higher concentrations of this reagent, where oxidation of 
various other amino acid residues is more likely (15), inhibition 
of protohematin binding was observed. Prolonged incubation 
of the apoproteins with bromoacetic acid, which will react with a 
reactive imidazole group of ribonuclease (16), has no effect on 
heme binding. The last two reagents, acetic anhydride and 
diazotized sulfanilic acid, completely block the protohematin 
interaction with the protein. 

Sulfhydryl Group Analysis—Analysis of cytochrome 565, apo- 
cytochrome 6;, and cytochrome 6; denatured in 0.4% Duponol 
at pH 7.5, by the method of Boyer (4), showed that the content 
of reactive sulfhydryl groups in each of these preparations is less 
than 0.10 mole per mole of protein. 
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TaBLe III 
Inhibition of protohematin binding to apocytochrome b; and iodinated and acetylated apocytochrome bs derivative 

Condition* po peg 

Preparation Reagent 7 Temetis 

—- pH Time = 

M % 

Apocytochrome b; p-Chloromercuribenzoate 10- 25° 7.5 10 min 0 
Iodinated, acetylated apocytochrome b; p-Chloromercuribenzoate 10-4 25° 7.5 10 min 0 
Apocytochrome 6}; Iodinet 5 X 10° 25° 9.1 20 min 0 
Apocytochrome b; Iodinet 10-3 25° 9.1 20 min 100 
Apocytochrome b; Bromoacetic acid 10 0° 7.5 24 hr 0 
Apocytochrome 6; Acetic anhydride 107% 0° 9.1 60 min 100 
Apocytochrome bs; Diazotized sulfanilic acid 5 X 10-* 25° 9.1 20 min 100 
Iodinated, acetylated apocytochrome bs Diazotized sulfanilic acid 5 X 10-4 25° 9.1 20 min 100 




















* A 0.1 m sodium phosphate buffer was used for pH 7.5 incubations, and 0.1 m sodium borate buffer for those at pH 9.1. 
+ Recombination of protohematin with the apoproteins was determined as described in ‘‘Experimental Procedure.” 
t The iodine reagent consisted of iodine dissolved in a 2-fold molar excess of potassium iodide. 














TABLE IV 
Tyrosine content of cytochrome bs and apocytochrome bs 

Tyrosine 
Preparation Methods* per mole 
proteint 

moles 

Cytochrome b; Absorbancy increase at 295 mu 3.00 

Apocytochrome b; | Absorbancy increase at 295 mp 2.98 

Cytochrome bs; Iodination 2.97 
Apocytochrome bs | Iodination 3.02 





* See ‘‘Experimental Procedure’”’ for details of methods. 
+ Protein was determined as described in ‘“‘Experimental Pro- 
cedure.”’ 


Tyrosine Content—As Table IV shows, the tyrosine content of 
cytochrome 6b; and apocytochrome 6; is 3.0 per mole of protein. 
The fact that the reaction of the three tyrosyl residues of cyto- 
chrome bs; with iodine does not affect the absorption spectrum of 
the cytochrome from 340 to 600 my suggests that these groups 
are not involved in heme binding. This conclusion is strength- 
ened by the observation that iodination of the tyrosyl groups of 
apocytochrome 6; (Table III) also does not affect its interaction 
with protohematin. 

Reaction with Acetic Anhydride—When apocytochrome 6; is 
incubated with acetic anhydride under the conditions described 
in Table III, that cause complete inhibition of protohematin 
binding, the three tyrosyl residues are not acetylated. The 
acetylated protein appears to contain three free phenolic hydroxy1 
groups since it still reacts with iodine to yield 3 moles of diiodo- 
tyrosyl groups, and since the absorbancy of the protein at 275 
my is unchanged.‘ 

Reaction with Diazotized Sulfanilic Acid—When diazotized 
sulfanilic acid is incubated with apocytochrome b;, recombination 
is inhibited completely only with a large excess of the reagent, 
and then complex and variable absorption spectra from 340 to 
600 my appear, indicating diazo coupling to several types of 
amino acid residues. An excess of the diazotized sulfanilic acid 
reacts with the iodinated and acetylated apocytochrome b; de- 

* Acetylation of free L-tyrosine under identical conditions re- 


sults in a decrease in absorbancy at 275 my to approximately 0.1 
that of L-tyrosine. 
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Fic. 2. The reaction of diazotized sulfanilic acid with iodinated 


and acetylated apocytochrome b;. For each trial the sample was 
incubated in 0.18 ml of 0.05 m sodium borate buffer, pH 9.1, for 20 
minutes at 25° with 0.0017 umole of diazotized sulfanilic acid. 
Then 0.02 ml of 1 n NaOH was added to each tube and the spectra 
read against a blank tube containing the borate buffer and sodium 
hydroxide. Curve 1, 0.00140 umole iodinated and acetylated apo- 
cytochrome b;; Curve 2, 0.00140 umole N-acetyl histidine. Protein 
concentration was determined as described in ‘‘Experimental Pro- 
cedure.’”’ The recombination of protohematin with an azo prep- 
aration from an incubation mixture identical with that used to 
obtain Curve 1, but containing no sodium hydroxide, was inhibited 
92%, after incubation with protohematin for time periods up to 3 
hours. 


rivative to yield a simpler absorption spectrum in the 340- to 
600-my wave length region, but here again the spectrum is 
variable and somewhat unstable at pH 12 to 13. 

If limiting amounts of the diazotized sulfanilic acid are incu- 
bated with iodinated and acetylated apocytochrome b;, an azo 
derivative is obtained which has an absorption spectrum at an 
alkaline pH that is almost identical with that of mono(p-azo- 
benzenesulfonic acid)-N-acetyl histidine (Fig. 2). The small 
deviation of the absorption spectrum of the azo derivative of 
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Fia. 3. The inhibition of the recombination of iodinated and 
acetylated apocytochrome 6b; with protohematin by diazotized 
sulfanilic acid. Incubations on duplicate samples were carried 
out at 25° for 20 minutes in 0.18 ml of 0.05 m sodium borate buffer, 
pH 9.1, containing 0.0011 umole of iodinated and acetylated apo- 
cytochrome b; and from 0 to 0.0033 umole of diazotized sulfanilic 
acid. After 20 minutes, 0.02 ml of 5.5 X 10-5 m protohematin was 
added to one sample at 25° and the extent of recombination de- 
termined 30 minutes after protohematin addition by the increase 
in absorbancy at 413 my with the « values of protohematin and 
cytochrome 6; given in the ‘‘Experimental Procedure.’”’ To the 
second sample 0.02 ml of 1 n NaOH was added and the amount of 
monoazo histidy] groups formed was determined from the absorb- 
ancy at 423 my and the e of 23,400 for mono(p-azobenzenesulfonic 
acid)-N-acety] histidine (7). 


iodinated and acetylated apocytochrome 6; from that of N-acetyl 
histidine can be accounted for by the protein absorption from 
340 to 360 my in alkaline solutions and from 470 to 500 my by 
the formation of a very small amount of bisazo imidazole groups 
or monoazo tyrosyl groups on the protein. In the particular 
trials shown in Fig. 2, 0.0017 wmole of diazotized sulfanilic acid 
was incubated with 0.0014 umole of iodinated and acetylated 
apocytochrome 6; or N-acetyl histidine for 20 minutes at 25°. 
On the basis of a molar extinction coefficient for mono(p-azo- 
benzenesulfonic acid)-N-acetyl histidine of 23,400 at 423 my in 
0.1 m NaOH, 0.00138 umole of monoazo derivative of protein 
imidazole groups, or 1 mole per mole of protein, was formed 
(Curve 1). The same results were obtained when incubations 
were carried out at 0° for 2 hours. In a number of experiments, 
including the one presented in Fig. 2, the recombination of the 
azo protein derivative formed in identical incubation mixtures 
with protohematin was inhibited 90 to 100%, even after incuba- 
tion of the protein with protohematin for as long as 3 hours. 
The formation of monoazo histidyl groups on iodinated and 
acetylated apocytochrome 6; is correlated quantitatively with the 
inhibition of protohematin interaction with the apoprotein in 
Fig. 3. For each point on the curve, duplicate incubation mix- 
tures were used to determine both the extent of recombination 
and the amount of monoazo histidyl groups formed. In all cases 
the absorption spectrum of the derivative in NaOH was almost 
identical to an equivalent amount of mono(p-azobenzenesulfonic 
acid)-N-acetyl histidine. Therefore, only histidyl residues ap- 
pear to be reacting under the conditions of this experiment. Fig. 
3 clearly shows that recombination of protohematin with io- 
dinated and acetylated apocytochrome 6; is inhibited at least 
90% when 1 mole of monoazo histidyl groups per mole of protein 
has been formed. The data also show that the protein contains 
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a second histidyl residue which reacts more slowly with diazotized 
sulfanilic acid under the conditions of this experiment. 


DISCUSSION 


While a number of studies have been concerned with heme 
binding in several heme proteins, e.g. myoglobin, hemoglobin, 
and cytochrome c (17-21), relatively little is known about the 
attachment of the iron porphyrin in either the a or the b type 
of cytochrome. The object of the present study with micro- 
somal cytochrome b; was to examine the nature of the heme- 
protein interaction in one particular member of the latter group 
of cytochromes. Previous work (2) has already shown that the 
iron porphyrin group attached to oxidized cytochrome }; is 
ferriprotoporphyrin IX, and that it is readily released from the 
protein on denaturation in acid acetone. As a basis for this and 
future work it is fortunate that calf liver microsomal cytochrome 
bs has a low molecular weight and that homogeneous preparations 
can be obtained. 

The present studies on the involvement of particular amino 
acid residues of cytochrome }; in heme binding required the 
development of two preparative techniques. First, an iodinated 
and acetylated preparation of cytochrome b; was made to provide 
a cytochrome 6; derivative in which a large number of groups 
which might react with diazotized sulfanilic acid would be 
blocked. No attempt has been made in the present study to 
determine the exact extent of acetylation of the protein by this 
procedure or the effect of the acetic anhydride on the diiodo 
tyrosyl residues. Second, complete resolution of cytochrome 6; 
or its derivatives was achieved. Since either apoprotein re- 
combined 92 to 100% with protohematin, the quantitative 
studies on the effect of group specific reagents on protohematin 
binding were possible. 

Two types of amio acid residues do not appear to be involved 
in the protohematin interaction with the protein. The evidence 
against sulfhydryl group involvement is the most conclusive. 
Not only is recombination of the apoprotein with protohematin 
unaffected by p-chloromercuribenzoate, but analysis of cyto- 
chrome };, apocytochrome 6; and denatured cytochrome b; also 
show that there are no free reactive sulfhydryl groups present in 
these preparations. The phenolic groups of the three tyrosyl 
residues present in cytochrome b; also do not appear to participate 
directly in heme binding. The spectrum of cytochrome bs is 
unaffected by the formation of the diiodo derivatives of the three 
phenolic groups; furthermore, the apocytochrome 6; can be 
iodinated without affecting its reaction with protohematin. Itis 
unlikely that a phenolic group that participates in protohematin 
interaction would be completely insensitive to these procedures. 

On the basis of the data presented here, it is difficult to assess 
the role of amino groups in protohematin-apoprotein interaction. 
The fact that acetylation of cytochrome b; markedly affects the 
rate of recombination of the apoprotein preparation with proto- 
hematin suggests that this alteration in the structure of the 
cytochrome may indirectly affect the structure of the heme- 
binding sites. A more direct role for one or several of the amino 
groups in heme binding is suggested by the inhibition of re- 
combination of apocytochrome 6b; with protohematin by prior 
acetylation of the apoprotein withexcess acetic anhydride. Since 
under the incubation conditions employed the phenolic groups 
were not acetylated, the reaction of one or more free a or € amino 
groups with acetic anhydride may have resulted in the inhibition. 
The possibility has not been ruled out, however, that a par- 
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ticularly reactive imidazole group may have either formed a 
stable acetyl derivative or been destroyed (22). Experiments 
with other amino group reagents such as N-acetyl homocysteine 
thiolactone may help to clarify the role of these groups in heme 
binding. 

The results of the experiments in which diazotized sulfanilic 
acid was coupled to iodinated and acetylated cytochrome 6; 
strongly suggest that one specific and highly reactive imidazole 
group is directly involved in heme binding in cytochrome b;. By 
blockage of a large number of the reactive groups of the cyto- 
chrome 6; with iodine and acetic anhydride while the heme- 
binding sites were still protected by the iron porphyrin group, it 
was possible to observe a stoichiometric relationship between the 
formation of a single monoazo imidazole group on the iodinated 
and acetylated apocytochrome 6, derivative and the complete 
inhibition of protohematin recombination with this protein 
preparation. At least one other free imidazole group is present 
in the apocytochrome b; derivative. This histidyl residue is the 
second group that couples with limiting amounts of diazotized 
sulfanilic acid to form a monoazo derivative. Whether or not 
the second imidazole group is also involved in the protohematin 
interaction with the protein cannot be decided until a more 
thorough examination of all of the groups released by removal of 
the heme from a number of cytochrome b; derivatives has been 
completed. 


SUMMARY 


1. Calf liver microsomal cytochrome 6; has been prepared in 
large amounts and shown to be a homogeneous protein, with a 
molecular weight of approximately 13,000. It contains 1 mole 
each of tryptophan and iron protoporphyrin IX. 

2. The preparation of an iodinated and acetylated derivative 
of cytochrome b; was described. 

3. The preparation of apocytochrome b; and the iodinated and 
acetylated apocytochrome b; derivative was described in which 
over 98% resolution of the heme proteins was achieved with 92 
to 100% yields of the undenatured apoproteins. 

4. The absorption spectra of the cytochrome 6; and apoprotein 
preparations and the characteristics of protohematin recombina- 
tion with the apoproteins were examined. 

5. Sulfhydryl groups are not involved in heme binding. The 
recombination of protohematin with the apoprotein is not in- 
hibited by p-chloromercuribenzoate, and cytochrome };; apo- 
cytochrome 6b; and denatured cytochrome bs contain less than 
0.1 mole of reactive sulfhydryl groups per mole of protein. 

6. Protohematin interaction with the protein apparently does 
not involve any one of the three tyrosyl residues in the heme 
protein, since all three will react with iodine in cytochrome 6; 
without affecting its spectrum, and since iodination of the 
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phenolic groups on apocytochrome b; has no effect on its re- 
combination with protohematin. 

7. The inhibition of recombination of apocytochrome b; with 
protohematin by acetic anhydride under conditions which do not 
affect the tyrosyl residues suggests that amino groups may be 
involved in heme binding. 

8. The direct participation of one specific imidazole group in 
heme binding is indicated by the complete inhibition of the re- 
combination of the iodinated and acetylated apocytochrome b; 
derivative with protohematin by the formation of 1 mole of 
monoazo imidazole groups per mole of protein with diazotized 
sulfanilic acid. 

9. A second reactive imidazole group on iodinated and acet- 
ylated apocytochrome bs has been identified by the diazo cou- 
pling reaction. 


Acknowledgment—The technical assistance of Carmelita 
Lowry and McClinton Raford is gratefully acknowledged. 
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A number of analogues of the pyridine nucleotides have been 
prepared in which the nicotinamide moiety is replaced by some 
other pyridine compound (1, 2). These have proved useful in 
delimiting the structural requirements for enzymic activity of 
pyridine nucleotide coenzymes and in studying the mechanism 
of action of pyridine nucleotide-requiring enzymes (8). 

The reduction of 3-acetylpyridine analogue of diphospho- 
pyridine nucleotide by reduced diphosphopyridine nucleotide 
catalyzed by flavoprotein enzymes (4) seemed to be at least in 
some cases similar to the exchange of protons of the medium 
with reduced diphosphopyridine nucleotide catalyzed by these 
enzymes (5, 6). When attempts were made to study the two 
reactions simultaneously, it developed that at high concentra- 
tions reduced diphosphopyridine nucleotide reduced 3-acetyl- 
pyridine analogue of diphosphopyridine nucleotide nonenzymi- 
cally. Some of the properties of this reaction have been studied 
in this investigation. 


EXPERIMENTAL PROCEDURE 


DPN, DPNH, and yeast alcohol dehydrogenase were obtained 
from The Sigma Chemical Company, the 3-acetylpyridine and 
pyridine-3-aldehyde analogues of DPN from the Pabst Labora- 
tories, and D,O (99.8 atom %) from the Liquid Carbonic Division 
of General Dynamics Corporation. The following compounds 
were prepared by the methods described in the reference cited: 
n-benzyl-dihydronicotinamide (7), and n-methyl acetylpyridine 
iodide (8). Light absorption measurements were made with a 
Zeiss PMQ II spectrophotometer. For rate measurements with 
concentrated solutions, quartz inserts giving a light path of 2.0 
or 0.05 mm were used. The increase in absorbancy at 400 mu 
was used as a measure of 3-acetylpyridine-*DPNH formation. 
Deuterated DPNH was prepared by reduction of DPN with 
sodium hydrosulfite in D,O, and purified by repeated precipita- 
tion of the barium salt. For determination of deuterium after 
reaction and oxidation of the reduced nucleotides, the DPN /3- 
acetylpyridine-*DPN mixture was treated with Neurospora 
DPNase to cleave nicotinamide from DPN. This reaction mix- 
ture was placed on a Dowex 1-formate column and the free 
nicotinamide was washed from the resin with HO. The 3- 
acetylpyridine-*DPN was eluted from the column with 0.1 m 
NH, formate. The eluate was lyophilized and treated with pig 
brain DPNase (9 (Step IT)) in a volume of 2 ml. After removal 
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of the enzyme by centrifugation, this reaction mixture was passed 
over a 3 cm Dowex 1-formate column which was then washed 
with H,O in 1 ml portions. Acetylpyridine was estimated from 
the 230- and 265-my light absorption in neutral solution. The 2 
or 3 ml containing the bulk of the acetylpyridine were combined, 
carrier added, and the oxime prepared. To 3 ml of solution, 
300 mg of hydroxylamine-HCl were added, the solution neu- 
tralized with 4 n KOH, allowed to stand at room temperature 
overnight, and then heated at 70° for 3 hours. The solution was 
evaporated to dryness under vacuum, and benzene was evap- 
orated from the sample several times to dry it. The oxime was 
extracted with several portions of boiling ether. The combined 
ether extracts were evaporated to dryness and the oxime crystal- 
lized from hot benzene. Nicotinamide samples were crystallized 
from benzene. Deuterium measurements were made by the 
method of San Pietro (10). 


RESULTS 


The spectral changes which occur with time when DPNH and 
3-acetylpyridine-*DPN are mixed at final concentrations of 
0.0025 m are shown in Fig. 1. These spectra, measured on 50- 
fold diluted aliquots of the reaction mixture, show a gradual 
change from a curve characteristic of DPNH with a peak at 340 
my to one approaching the position and shape characteristic of 
acetylpyridine-*DPNH with its peak near 365 my. Equilibrium 
was not established but it is clearly far to the side of 3-acetyl- 
pyridine-*DPNH formation, as would be expected from the 
0.072 volt Ey difference between the E»’s of the DPN/DPNH 
and 3-acetylpyridine-*DPN /3-acetylpyridine-*DPNH couples 
(2). Treatment of the diluted reaction mixtures with yeast 
alcohol dehydrogenase and acetaldehyde at pH 6.5 abolishes the 
absorption in the 300 to 400 my region, demonstrating that the 
shift of the peak results from 3-acetylpyridine-*DPNH forma- 
tion. 

Incubation of DPNH with pyridine-3-aldehyde-*DPN gives 
results similar to those found with 3-acetylpyridine-*DPN, but 
the instability of the pyridine-3-aldehyde analogues makes the 
interpretation of the observations less clear. n-Benzyl-dihydro- 
nicotinamide reduces n-methyl acetylpyridine iodide in 30% 
ethanol solutions. 

When high concentrations of acetylpyridine-*DPN and DPNH 
are used the rate of the reaction is constant within the error of 
measurement for several minutes. Under these conditions the 
initial rate doubles as the concentration of either reactant is 
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doubled. In Lines 1 through 8 of Table I are shown the results 
of an experiment in which the concentrations of the reactants 
were kept equal to each other, but varied over a 4-fold range. 
The second order rate constants calculated for two time intervals 
for each of these concentrations are reasonably consistent, with 
an average rate constant at 24° of about 9 x 10-? m— sec7!. 

The rate of the reaction does not vary significantly with pH in 
Tris-acetate buffers in the pH range of 7.0 to 9.5. 

The temperature dependence of the rate of the reaction was 
measured between 17 and 37°. Over this range the plot of the 
log k against 1/T yielded a straight line. The energy of activa- 
tion calculated from the slope of this line is 10.4 kilocalories. 

The rate of reduction of the analogue is not changed by sub- 
stitution of a-deutero-DPNH for DPNH or by the substitution 
of a mixture of a- and B-deutero-DPNH (hydrosulfite reduction 
product) for DPNH. When the reaction is run at “pH” 8.0 in 
D.O rather than H,0 as solvent, the rate is significantly in- 
creased (Table I, Lines 9 and 10). 

Evidence for complex formation between the reactants and for 
a radical intermediate in the reaction was sought in several ways. 
The absorption curves of concentrated solutions in which the 
reaction was occurring were measured rapidly over the range 
from 325 to 550 my with a recording spectrophotometer with use 
of a cell insert; the solution was diluted 200-fold and the spectrum 
measured on the diluted solution. Comparison of these curves 
showed no anomalies in the spectra of the concentrated solutions 
which could be interpreted as concentration-dependent complex 
formation. Solutions, 0.05 m in DPNH and acetylpyridine-* 
DPN, were examined immediately after mixture in a sensitive 
electron spin resonance spectrometer, but no resonance peaks 
were observed. When solutions of the reactants were chilled to 
—78° immediately after mixture, the frozen solution showed a 
yellow to orange color. None of the reactants or products 
showed this behavior when similarly frozen. When glycerol-H.O 
(30 to 50%) mixtures or 0:7 saturated sucrose solutions were 
chilled to yield glasses on which spectra could be determined, the 
orange color did not appear. Neither glycerol nor sucrose had 
any effect on the rate of the reaction at room temperature. 

To determine the origin of the hydrogen added to acetylpyri- 
dine-*DPN in the reduction, several tracer experiments were 
made. Deuterated DPNH, not stereospecifically reduced and 
so containing both a-deutero-DPNH and 6-deutero-DPNH, was 
used to reduce acetylpyridine-*DPN in H.O. After incubation, 
the reaction mixture was diluted 6-fold to decrease the rate of 
the reaction and the mixture of reduced nucleotides then present 
was oxidized with neutral Fe(CN),.". Nicotinamide and acety]- 
pyridine oxime samples were prepared from the oxidized nucleo- 
tide mixture and analyzed. An isolation control was run 
simultaneously and identically, except that the deuterated 
DPNH was diluted and oxidized with Fe(CN)," before the 
acetylpyridine-*DPN was added. To determine whether any 
isotope was introduced into acetylpyridine-*DPNH from the 
medium during the reactions, the reduction was carried out with 
unlabeled reactants in D,O. The mixture of oxidized and re- 
duced nucleotides was precipitated several times with Ba++ and 
ethanol to remove D.O and exchangeable deuterium before the 
reduced nucleotides were oxidized with Fe(CN),*. 

The results of these experiments are shown in Table II. The 
decision as to whether or not direct transfer of hydrogen has 
occurred does not depend upon the amount of deuterium found 
in the product but only upon whether or not any isotope has 
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Fig. 1. Absorption spectra of diluted samples of DPNH/acetyl- 
pyridine* DPN reaction mixtures. The conditions are described 
in the text. The dashed curves are spectra of DPNH and acetyl- 
pyridine* DPNH adjusted to approximately the absorbancy of the 
reaction mixtures at 340 mu. 


TaBLe I 
Rate of reduction of acetylpyridine-DPN by DPNH 











Acetyl- Acetyl- 
DPNH pyridine-* B tidine-* t ” 
DPN NH at ¢ 
M M Mm X 108 sec fe & 
Ie 0.0267 0.0267 1.86 300 9.4 
2 0.0267 0.0267 2.96 600 7.8 
3 0.020 0.020 1.06 300 9.3 
4 0.020 0.020 1.95 600 9.0 
5 0.0133 0.0133 0.468 300 9.0 
6 0.0133 0.0133 0.885 600 9.0 
7 0.0067 0.0067 0.124 300 9.5 
8 0.0067 0.0067 0.248 600 9.6 
ge 0.0117 0.0117 0.856 300 22.6 
10° 0.0117 0.0117 0.663 300 17.1 

















* Conditions for Lines 1 through 8, DPNH and acetylpyridine-* 
DPN mixed in a final volume of 0.6 ml of 0.3 m Tris-Cl buffer, pH 
8.0, temperature, 24°. 

*’ Conditions for Line 9, DPNH/acetylpyridine-*DPN, and 
Tris-Cl buffer prepared in 99.5% D.O, mixed in a final volume of 
0.3 ml of 0.3 m Tris-Cl, pH 8.0, temperature, 30°. 

¢ Conditions as for Line 9, reactants and buffer prepared in 
H.0. 


been incorporated from the reactant. Line IT shows that some 
deuterium is incorporated into acetylpyridine-*DPNH from the 
deuterated DPNH, and Line V shows that no deuterium is 
incorporated into the product from the medium. These results, 
considered together, show that the reaction is a direct transfer 
of hydrogen which does not pass through an intermediate stage 
in which the hydrogen can exchange with the protons of the 
medium. Lines I and III of the table demonstrate that the 
method used for separation and purification of the pyridine 
components of the nucleotides will yield acetylpyridine oxime 
essentially uncontaminated by nicotinamide. 

It is not possible to calculate from the results of these experi- 
ments the amount of D transferred from reduced to oxidized 
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TaBLe II 


Deuterium transfer from DPNH(D) to acetylpyridine-*DPN and 
lack of transfer from DO to acetylpyridine-*DPN 





Observed 
excess 
D 


Dilu- 
tion 
factor 


Nucleotide Analyzed as 





atom % 
I. Acetylpyridine-*DPN 0.026 

Isolation control (not 

reduced) > 
II. Acetylpyridine-*DPN 

Reduced by DPNH- 
(D) and reoxidized 
with Fe(CN)«™ ¢ 

III. DPN(D) 

Isolation control 
(DPNH(D) oxidized 
with Fe(CN)¢*)* 

IV. DPN(D) 

DPNH(D) oxidized by 
acetylpyridine-* 
DPN, oxidation 
completed with 
Fe(CN)¢™ ¢ 

V. Acetylpyridine-*DPN 

Reduced by DPNH in 
D.O, reoxidized with 
Fe(CN)¢™ ¢@ 


Acetylpyridine 
oxime 


4.1 


Acetylpyridine | 0.234 


oxime 


3.7 | 0.069 


Nicotinamide 0.442) 13.1 | 0.35 


Nicotinamide 0.724) 11.2 | 0.49 


Acetylpyridine |< 0.01 


oxime 


10.0 |<0.008 




















«A 12.5 atom % excess D corresponds to 1 atom of D per 
molecule for acetylpyridine oxime, and 16.7 atom % excess cor- 
responds to 1 atom of D per molecule for nicotinamide. 

+ Deuterated DPNH, 75 umoles, in 8 ml of H.O was oxidized 
with 170 umoles of K;Fe(CN). at pH 7.4 for 2 hours at 37°, 75 
umoles of acetylpyridine-*DPN added, and the mixture treated 
as described in ‘‘Experimental Procedure.”’ 

¢ Deuterated DPNH, 75 umoles, and 75 umoles of acetylpyri- 
dine-*DPN were incubated in 1.75 ml of 0.15 m Tris-Cl buffer, 
pH 8.0, at room temperature for 4 hours, at which time 50 zmoles 
of acetylpyridine-*DPNH were formed. The mixture was diluted 
to 8.5 ml and oxidized as in °. 

4 DPNH, 75 umoles, and 75 umoles of acetylpyridine-*DPN 
were incubated in 1.75 ml of 95% D.O, 0.15 m in Tris-Cl buffer, 
pH 7.8, at room temperature for 3 hours, at which time 52 uzmoles 
of acetylpyridine-*DPNH were formed. The mixture was pre- 
cipitated by the addition of barium acetate and cold ethanol, 
washed with ethanol and ether, dried, redissolved in H2O and the 
precipitation, and washing and drying repeated. The Ba salts 
were dissolved in 8.0 ml of H.O, and, after the Bat+ was removed 
with K28Q,, oxidized with K;Fe(CN).. 


nucleotide without making assumptions about the isotope effect 
in the Fe(CN),.™ oxidation of acetylpyridine-*DPNH, and the 
sterospecificity of the reduction reaction itself. The initial 
deuterated DPNH contained approximately 1.0 atom of D per 
molecule distributed between a@ and 8 sides of the ring, whereas 
the acetylpyridine-*DPNH actually produced in the reaction, 
50 umoles of the 75 wmoles of oxidized analgoue added, contained 
about 0.1 atom of D per molecule, if the Fe(CN)." oxidation 
showed an absolute discrimination against the removal of D from 
the labeled acetylpyridine-*DPNH. 


DISCUSSION 


The occurrence of the nonenzymic reaction does not affect the 
validity of the results reported for enzyme-catalyzed reductions 
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of acetylpyridine-*DPN by DPNH because of the low concentra. 
tions used in the enzymic reactions; the second order kinetics for 
the nonenzymic reaction give its rate a direct dependence on the 
concentrations of both reactants. At the pyridine nucleotide 
concentrations ordinarily used (about 10~* m) in enzymic tests, 
the reduction can scarcely be detected by spectral changes in 
any reasonable time interval; it is, of course, a factor to be taken 
into account when more sensitive methods of analysis are em- 
ployed. 

The experiments reported in this paper do not allow an un- 
ambiguous decision about the detailed mechanism of the non- 
enzymic reduction. The isotope experiments indicate that it is q 
direct hydrogen transfer which does not pass through an ion- 
izable intermediate. Direct transfers are compatible either with 
a free radical mechanism in which a hydrogen atom and an elec- 
tron are transferred, or with a heterolytic mechanism in which 
hydride ion is transferred to the product (7,11). Mauzerall and 
Westheimer (7) have previously observed direct hydrogen trans- 
fer from n-benzyl dihydronicotinamide to malachite green in 
ethanol. Since the direct exchange of hydrogen between DPNH 
and DPN does not occur under conditions similar to those used 
here, attention is focused on the reactivity of the pyridine ring 
of acetylpyridine-*DPN as an important factor in this reaction. 
Perhaps the factors responsible for the facile reaction of acetyl- 
pyridine-*DPN with cyanide ion would also favor addition of 
hydride ion. 

The reduction of TPN by DPNH, catalyzed by the Pseudo- 
monas transhydrogenase (12), is a formally analogous reaction 
to the one studied here. They share a further similarity in that 
both proceed by direct transfer, so that further investigation of 
the properties of the nonenzymic reaction might be justified as a 
model for the transhydrogenase. On the other hand, the identi- 
cal over-all reaction to the model reduction is catalyzed by 
diaphorase, but, contrary to the nonenzymic reaction, the en- 
zyme-catalyzed reduction yields acetylpyridine-*-DPNH which 
has incorporated deuterium from the medium (5). Furthermore, 
when the reduction of acetylpyridine-*DPN by deuterated 
DPNH is catalyzed by the flavoprotein, there is no evidence for 
direct transfer, no appreciable amount of deuterium being found 
in the product. If, in addition to these findings, the reasonable 
assumption is made that analogue reduction and exchange occur 
at comparable rates, the evidence argues against the possibility 
that exchange of protons between the DPNH and the medium 
and reduction of the analogue by DPNH are simultaneous but 
unrelated processes in the enzymic reaction. 

In spite of the unpromising example provided by diaphorase, 
it can be expected that an enzyme which has multiple closely 
spaced nucleotide-binding sites with comparable affinities for 
DPNH and an oxidized analogue might catalyze this nonenzymic 
reaction by bringing about a high local concentration of re- 
actants. 


SUMMARY 


Dihydrodiphosphopyridine nucleotide reduces the acetyl- 
pyridine-analogue of diphosphopyridine nucleotide nonenzymi- 
cally. The second order rate constant of the reaction is 9 X 
10-? liters per mole second. 

Deuterium is transferred from deuterated reduced diphospho- 
pyridine nucleotide to the analogue, but no deuterium is incor- 
porated into the product from the medium, so it is concluded 
that the reaction is a direct hydrogen transfer. 
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Early studies of the mechanisms of biological calcification 
were hampered by confusion over the state of saturation of the 
body fluids with respect to calcium and inorganic phosphate. 
This early literature has been reviewed (1, 2) and, with newer 
evidence, seems more and more to support the view that the 
body fluids contain more than sufficient concentrations of calcium 
and phosphate to produce the mineral crystals of bone (3, 4). 

The problem of controlling the mineralization process now 
appears to involve the induction by or prevention of the forma- 
tion of effective crystal-nuclei or seeds (4, 5). There has 
been accumulating (4-8) both direct and indirect evidence which 
indicts collagen as the inducer or nucleating substance. The 
preventer or inhibitor of mineralization has been postulated 
(2, 9) but never demonstrated. 

In the present study, the induction of crystal formation by 
demineralized dentin has been investigated in vitro with inor- 
ganic solutions and simulated ultrafiltrate of serum. The rea- 
sons for employing dentin in preference to bone as a source 
material for collagenous inducer will be explored fully in the 
discussion. 

The results obtained lend additional support for the nuclea- 
tion concept and, further, suggest that steric properties (associ- 
ated with e-amino groups) are responsible for the specific ability 
of collagen to induce crystal formation. 


EXPERIMENTAL PROCEDURE 


Preparation of Collagenous Tissue Residues—The roots of 
sound human and bovine teeth, previously stored at 4°, were 
filed free of cementum, and then split into small pieces (approxi- 
mately 3 mm) by means of pliers. The pulpal material was re- 
moved and the dentin fragments were soaked overnight in 0.9% 
sodium chloride solution at 4°. The dentin (1 g) was washed 
with distilled water and then demineralized by soaking in daily 
changes (200 ml) of freshly prepared 0.5 m potassium ethylene- 
diaminetetraacetate at pH 7.4 for a period of 6 to 8 days at 4°. 
The demineralized dentin was then washed with 6 changes of 
cold KCl (u = 0.16) for 24 hours, rinsed with water, and after 
drying by pressing on filter paper, was immediately placed in the 
mineralizing solutions. Portions of the demineralized dentin 
were tested for the presence of residual mineral material by 


* This paper is based on work performed under contract with 
the United States Atomic Energy Commission at The University 
of Rochester Atomic Energy Project, Rochester, New York. 

7 Present address, Dental Research Unit, Oral and Dental 


Hospital, Milner Park, P. O. Box 10108, Johannesburg, South 
Africa. 


soaking approximately 50 mg in 3 ml of 1 N HCl for 2 hours at 
37° and analyzing for the presence of inorganic phosphate. 
Other portions were ashed and the ash analyzed for both calcium 
and phosphate. In accord with previous experience (6, 7), 
EDTA! effectively removed all detectable mineral but left meas- 
urable amounts of esterified phosphate. The amount of mineral 
removed was found to be 78% by weight. 

In some experiments, the demineralized dentin was allowed to 
stand in air for a few weeks before use. These preparations are 
termed “old” dentin. In other experiments the free carboxyl 
groups of dentin collagen were esterified by treating 0.1 g of 
collagen with 100 ml methyl alcohol, made 0.1 N with respect to 
HCl, for 48 hours at room temperature. To inactivate the ¢ 
amino groups of the collagen, some samples of dentin collagen 
were simultaneously dinitrophenylated (10) and demineralized 
by shaking with 0.2 g of dinitrofluorobenzene and 1 g of NaHCO; 
per 100 ml of 0.5 m EDTA solution at room temperature. This 
solution was renewed daily, until demineralization was complete. 
The dinitrophenyl protein was then washed well with a solution 
containing KCl (0.155 m) and barbital buffer (0.01 m). 

Fresh ox hide taken from the thigh immediately after killing 
the animal was washed with water to remove blood, allowed to 
stand overnight in 0.9% NaCl at 4°, and then rewashed with 
water. The grain layer, which contains the greater part of the 
muscle and elastic tissue as well as hair roots, was split off and 
the remaining tissue was cut into approximately 0.5 cm cubes, 
care being taken to exclude adipose tissue. 

Mineralizing Solutions—The inorganic solutions employed in 
the mineralizing experiments have been described previously 
(6, 7). Two differences are to be noted: (a) the concentration 
of the barbital buffer was reduced from 0.02 m to 0.01 m and, 
(b) a few crystals of thymol (approximately 1 mg per 100 ml) 
were substituted for chloroform (5 ml per liter) as an inhibitor 
of bacterial growth. 

For use in making a simulated ultrafiltrate of serum, 3 solu- 
tions were prepared’ containing the following salts (g per liter): 
Solution I, KCl 2.68, NaCl 38.3, NaHCO; 27.2, sodium acetate 
50.2, citric acid 0.224; Solution II, NasgHPO, 0.915; Solution 
III, CaCl, 1.665, MgSO.-7H.O 2.02. Solution I was always di- 
luted 1 to 10 with the desired amounts of Solutions II and III 
and water as follows. To 1 volume of I, the selected volume 
of II was added. The mixture was then diluted with the vol- 
ume of water necessary for a final 1 to 10 dilution and equil- 
ibrated with 100% CO, for 5 minutes before the addition of 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetate. 
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the chosen volume of Solution III. The final solution was then 
re-equilibrated with 95% O2; 5% CO: for 10 minutes whereupon 
the pH rose to 7.4. A few crystals of thymol were added as a 
preservative and the flasks stoppered and sealed with paraffin 
wax. 

Although calcium and phosphorus were varied, it will be noted 
that two important constants were maintained: ionic strength, 
y = 0.16 and pH = 7.4. 

Analyses—Calcium was determined with the use of the flame 
photometric procedure, after the precipitation of calcium as the 
oxalate (12). Phosphate was determined spectrophotometrically 
after reacting with phosphomolybdic acid in the presence of 
ascorbic acid (13). The reproducibility of both methods was 
about 3 to 5%. pH was measured with the Beckman pH meter 
at room temperature and at 37°. No attempt was made to ex- 
clude carbon dioxide from any of the solutions. 

Procedures—Solutions with a calcium concentration (11) of 1.7 
mm and a product, calcium times inorganic phosphate, Ca x Pi, 
ranging from 0.08 to 6.5 (mM)? were prepared by mixing appro- 
priate amounts of the inorganic solutions to obtain a final volume 
of 10.0 ml. Similar solutions with a low calcium content (0.025 
to 0.25 mm) and a high P content (3.3 mm) were prepared. A 
further series of mixtures with a calcium content of 1.45 mm was 
made and the phosphorus content varied from 0.03 to 0.3 mM. 
To the control solutions, nothing was added; to experimental 
solutions, 1 or 2 pieces (2 to 6 mg dry weight) of a collagenous 
preparation were added: fresh or “old” dentin as well as methyl- 
ated and dinitrophenylated dentin. After being shaken for 
various lengths of time, up to 200 hours (usually 150 hours), at 
37°, the mixtures were filtered through Millipore membranes 
(HAO47) and the filtrate quantitatively analyzed for calcium 
and phosphate. From these results, the amounts of calcium 
and phosphorus precipitated or “seeded” at different products, 
Ca X Pi, as well as the final product, Ca x Pi, of the filtrate, 
were calculated. The pH value of the filtrates was also deter- 
mined. Similar experiments were carried out with synthetic 
ultrafiltrate. 

In a few experiments, the mineralizing solutions were decanted 
from the dentin residues and replaced with fresh solutions at 
intervals. The filtrates were analyzed, as before, for Ca, P, and 
pH. 

Results have been calculated in terms of the ion product, 
Ca X Pi, expressed as (mM)*. To convert to (mg per 100 ml)?, 
multiply by 12.4. Multiplying by 0.71 x 10-7 gives the ac- 
tivity product, dca++-@npo,-. These conversion factors apply 
only to the present experimental conditions: pH = 7.4, un = 
0.16, t = 37°. 


RESULTS 


Simple Solutions—Several series of solutions with products, 
Ca X Pi, varying from 0.08 to 6.5 (mm)? were prepared to deter- 
mine the point of spontaneous precipitation and the effect of a 
number of important variables. One such series is illustrated 
in Fig. 1 concerning the effect of temperature. In 200 hours at 
37°, pH 7.4, no solid phase could be detected until a product, 
Ca x Pi, of 2.4 (mm)? was reached, whereupon the degree of 
precipitation (or amount removed from solution) increased 
roughly in proportion to the initial ion product. This result is 
in accord with previous experience and is attributed to the hy- 
drolysis of the initial precipitate, CaHPQ,, to hydroxy apatite, 
a less soluble material (4). The precipitation point itself was 
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quite precise and reproducible in 17 experiments. Lowering the 
temperature to 27° raised the precipitation point. In general, 
this is consistent with the inverse solubility of the aqueous cal- 
cium phosphate system with temperature. All subsequent ex- 
periments were performed at 37°. 

Next, to determine the time required to reach “equilibrium,” 
a series of solutions (pH = 7.4,Ca Xx P; = 4.7 (mm)*) was pre- 
pared and shaken for varying periods of time. The results, given 
in Fig. 2, suggest that infinite time would be required for final 
equilibrium to be achieved. However, for practical purposes, 
any period greater than 150 hours would approximate final equi- 
librium within experimental error. This period of shaking was, 
therefore, employed in all subsequent experiments. 

A limited series of experiments was conducted to ascertain the 
influence of pH. pH has recently been emphasized as a prime 
variable in determining solubility in the aqueous calcium phos- 
phate system (4, 14). These data, given in Fig. 3, show that 
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Fig. 1. A plot of two typical unseeded precipitation experi- 
ments. These data illustrate the method by which the precipita- 
tion point was determined (the breaks in the curves indicated by 
dashed lines) and the marked increase in stability of solutions 
when the temperature was lowered 10°. For conditions, see text. 
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Fic. 2. The relation between time and the amounts of calcium 
and phosphate which separate spontaneously from solution. For 
conditions, see text. Note that, in this reciprocal plot, any time 
value over 100 hours of incubation gives a fair approximation of 
the values to be expected at infinite time. 
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Fic. 3. The relation between point of spontaneous precipita- 
tion and pH. For conditions, see text. Even a slight elevation 
in pH markedly reduces the stability of the aqueous calcium- 
phosphate system. 
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Fic. 4. Data from two typical experiments (O——O, in the 
presence of freshly demineralized dentin; +———+ in its absence) 
showing the formation of mineral phase induced by dentin at 
products, Ca X Pi, well below the point of spontaneous precipita- 
tion. For conditions, see text. 
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Fic. 5. The effects of repeated replacement of the mineralizing 
solutions. Despite the use of a lower product (Ca X P; = 2(mm)?, 
O——O, in the presence of dentin than in its absence, +——+, 
product = 2.35(mm)?) there was a cumulative increase in the solid 
phase induced by dentin. The changes observed in the absence 
of dentin are of doubtful analytical significance. 
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the precipitation point, too, is very sensitive, rising with falli 
pH. It would be desirable to extend the range studied particu. 
larly to even lower pH values. To minimize variations, all sub. 
sequent experiments were conducted at pH 7.4. 

The addition of bits of newly demineralized dentin in 10 ex. 
periments invariably caused the precipitation point to fall, from 
a product, Ca X Pi, of 2.4 + 0.2 (mm)? to 1.8 + 0.1 (mm)? as 
illustrated in Fig. 4. In these experiments catalysis of solid 
phase formation seemed to be independent of the amount (2 to 
6 mg) of dentin added. 

In sharp contrast, all other collagenous preparations (“old” 
dentin, methylated dentin, dinitrophenylated dentin, and ox 
skin “‘collagen”) were unable to catalyze or seed the formation 
of solid phase; the precipitation point remained the same in their 
presence as in their absence. 

Repeated replacement of the mineralizing solutions in contact 
with fresh dentin matrix accentuated the catalytic effects pre- 
viously seen. The results are given in Fig. 5. In test solutions 
with a product, Ca x Pi, of 2.0 (mm)?, fresh, demineralized den- 
tin took up increasing amounts of Ca and P. In the period 
studied, maximum uptake was apparently not reached. It is of 
interest that, with repeated renewals, appreciable remineraliza- 
tion of the dentin could be accomplished by relatively low levels 
of Ca and P, comparable to the ion product, Ca x Pi, found in 
serum, viz. 1.2 to 2.0 (mm)?. 

A small series of experiments was performed at extremely 
divergent Ca to P ratios, to determine whether either ion was 
taken up preferentially (6) by freshly demineralized dentin, the 
one collagenous preparation showing catalytic properties. 
Neither ion appeared to be removed preferentially. 

Synthetic Ultrafiltrates—From the physicochemical point of 
view, it should be possible to generalize from the preceding ex- 
periments to the physiological state, 7.e. the ionic strength, the 
pH, and the temperature were physiological: 0.16, 7.4, and 37°. 
However, because of the probability that specific ionic inter- 
action might alter the precipitation process, a synthetic ultra- 
filtrate was prepared containing, among others, the ions most 
likely to interfere with calcium phosphate crystallization: Nat, 
Mgt+, HCO;,, and citrate". Citrate and bicarbonate can be 
expected to complex about 20% of the calcium present (3) 
whereas magnesium could easily complex some of the phosphate. 

As expected, then, the point of spontaneous crystallization was 
indeed elevated by the presence of these ions, Ca X Pi = 3.2 
(mm)? (37°, 150 hours, pH 7.4), an increase of about 30%. Un- 
fortunately, freshly demineralized dentin was not studied in 
this system. 

Bovine Serum Ultrafiltrate—In addition to the specific ion ef- 
fects observed when synthetic ultrafiltrates were employed, there 
remained the possibility that some as yet unidentified substance 
might occur naturally in blood and, like fresh dentin, it might 
have catalytic or inhibitory effects on the seeding or precipita- 
tion of solid phase. Accordingly, the crystallization point was 
determined, in the presence and absence of freshly demineral- 
ized dentin, with freshly prepared ultrafiltrates of bovine sera. 
Blood, collected at the slaughterhouse, was allowed to clot and 
was centrifuged. The collected serum was ultrafiltered. About 
4 hours were required to reach the ultrafiltration stage. 

In some cases, the serum used for ultrafiltration was slightly 
hemolyzed and this resulted in elevation of the serum phosphate 
to 3to 4mm. The increases in phosphate were approximately 
proportional to the degree of hemolysis. In the hemolyzed sera 
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Fic. 6. A study with ultrafiltrate of beef serum showing the 
failure of dentin O——O, to induce crystal formation at physio- 
logical products, i.e. Ca X P ~ 1.2 to 2.0(mm)?. Nonetheless 
there were greater amounts of solid formed in the presence of 
dentin than in its absence, +——+. 


only 60 to 70% of the phosphorus was ultrafilterable. In non- 
hemolyzed sera virtually all the phosphorus was ultrafilterable. 
Calcium was 61 to 76% ultrafilterable in both hemolyzed and 
nonhemolyzed sera. 

Prevention of bacterial growth in the ultrafiltrate during shak- 
ing at 37° was not entirely successful even in the presence of 
thymol crystals. Some of the solutions developed a turbidity 
after 5 days of shaking without any change in the calcium or 
phosphorus concentrations. Therefore, the time of shaking was 
reduced to 3 days to minimize the growth of bacteria and molds. 

The effect of increasing the product, Ca x Pi, of the ultra- 
filtrate by adding known amounts of phosphate solution (u = 
0.16) was studied. The typical precipitation curves previously 
observed with purely inorganic salt solution were not obtained. 
In those solutions from which mineral material did precipitate, 
the molar Ca to P ratio of the solid was usually less than 1.0. 
In general, it was found that at products, Ca X Pi, greater than 
3.2 (mM)? precipitation of lime salts occurred from unhemolyzed 
serum ultrafiltrates. If ultrafiltrate from slightly hemolyzed 
serum was used, precipitation was not obtained even at a prod- 
uct, Ca X Pi, of 6.4 (mm)*?. The quantity of precipitate at any 
given product was much less than that obtained with simple salt 
solutions with the same ionic strength and inorganic ion concen- 
trations. The effect of varying the pH of the ultrafiltrates was 
not studied. 

In serum ultrafiltrate containing freshly demineralized ox den- 
tin, mineral material repeatedly came out of solution at a prod- 
uct, Ca X Pi, greater than 3.2 (mm)? as in the control ultrafil- 
trate. However, the total quantity of calcium and phosphorus 
which crystallized in the presence of dentin was higher than that 
of the control solutions with the same product, Ca X P;. The 
molar ratio of Ca to P in the solid ranged from 1.0 to 1.63 when 
dentin was present. Results from a typical experiment are given 
in Fig. 6. 

Because of the problems with bacterial contamination, this 
series was not extended. 


DISCUSSION 


It is helpful to view the present findings in the context of sim- 
lar recent studies. It has been established that, from the phys- 
cochemical standpoint, normal serum appears to be highly super- 
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saturated with respect to the bone mineral, an impure apatite-like 
solid of basic calcium phosphate (2, 4). Further, it has been 
repeatedly demonstrated that at 25° a considerable degree of 
supersaturation of calcium and phosphate can be tolerated with- 
out incurring spontaneous precipitation of solid phase (4, 6, 7). 
For these reasons, the discovery (4-8) that collagen can catalyze 
the formation of apatite crystals from otherwise stable solutions 
has been highly suggestive that such a collagen-induced crystal- 
lization may be operative in the calcification process in vivo. 
Despite the specificity of the collagen’s catalytic activity in 
crystal-seeding (4, 5, 8), investigators have been reluctant to 
accept this mechanism as being biologically applicable for two 
reasons: first, it has not yet been possible to demonstrate crysta 
induction in solutions having ion products, Ca x Pi, as low as 
those found in normal sera of higher mammalian forms, i.e. 1.2 
to 2.0 (mm)? (4-8); and second, no one has succeeded in obtain- 
ing a collagen preparation from bone which possessed this im- 
portant catalytic property. The best crystal-inducing collagens 
have been highly purified, recrystallized preparations derived 
from connective tissues other than bone (4, 5, 8). In fact, when 
the usual extraction procedures for collagen are applied to de- 
mineralize bone (15), they fail to yield isolatable quantities of 
this unique protein. 

It seemed possible that bone collagen, as secreted by the cell, 
is chemically or sterically different from that found in the resi- 
dues left after the long but necessary preparative demineraliza- 
tion by EDTA or other agents and that this alteration might 
involve a loss of the native collagen’s ability to induce crystal 
formation. This view seemed especially attractive when it was 
found that virtually all of the e-amino groups of bone collagen 
(found in lysine and OH-lysine) are reactive to dinitrofluoro- 
benzene if this agent is present during the demineralization but 
many of these same e-amino groups are bound or unreactive 
after demineralization (16, 17). Fortunately, dentin behaves 
more propitiously in this respect. Following demineralization, 
the disappearance of reactive ¢-amino groups is a slow process 
requiring weeks of standing at room temperature (16). 

For these reasons, the present studies employed freshly de- 
mineralized dentin as the collagenous inducer. Happily, these 
preparations did indeed possess catalytic properties and caused 
crystals to form at physiological products, Ca X< Pi, of 1.6 (mm)?, 
well below the K,, of CaHPO,-2 H;0, which is about 2.7 (mm)? 
at 37° (10). More importantly, the changes incurred in dentin 
on standing were accompanied by a loss of its power to initiate 
crystallization. Blocking the e-amino groups or esterification of 
carboxyl groups in the fresh dentin residues also destroyed their 
catalytic action on crystal induction. Thus, the present evidence 
is highly suggestive that bone collagen, as secreted, may be ster- 
ically and chemically reactive and can induce self-mineralization 
and that this mineralization prevents the disappearance of free 
¢-amino groups of bone collagen which otherwise would occur 
spontaneously as it does during demineralization. 

In any event, it is doubtful that crystal induction in metastable 
solutions (above K,, CaHPO,-2 H,O) has real meaning. To our 
knowledge, the present experiments with fresh, demineralized 
dentin represent the first instance in which a mineral-free, col- 
lagenous preparation has formed crystals in solutions which are 
physiological with respect to the product, Ca < Pi, of 1.6 (mm)?. 
The results with ultrafiltrates of bovine sera must be regarded 
as tentative and perhaps inconclusive. There seems to exist in 
serum or red cells, or both, some substance which is highly in- 
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hibitory to the induced formation of crystals. That this “crys- 
tal-poison”” may be a phosphate ester or esters is indicated by 
the direct correlation between the 3 variables: degree of inhibi- 
tion, degree of hemolysis, and total hydrolyzable phosphate 
present. Earlier work (9) has established that phosphate esters 
are good “crystal-poisons.”” On the other hand, the ultrafiltrates 
were contaminated with other cell components and with bacteria 
whose metabolic waste products might easily affect the sensitive, 
aqueous, calcium-phosphate system. Negative seeding results 
above the K,, CaHPO,-2 H.O are not nearly as conclusive as 
positive seeding below the K,,, i.e. fresh dentin in inorganic 
solutions. 

From the teleological standpoint, the presence of a circulating 
phosphate ester which is catalytically inhibitory to mineraliza- 
tion would be most helpful. It would provide the long-awaited 
purpose for the presence of phosphatase at the mineralizing sites 
and would explain, in part at least, the bone pathology seen in 
the interesting genetic defect known as hypophosphatasia (18). 


SUMMARY 


The induction of calcium phosphate formation in the aqueous 
calcium-phosphate system by demineralized dentin has been in- 
vestigated in vitro with inorganic solutions and simulated ultra- 
filtrate of serum. For the first time, calcium-phosphate precip- 
itates have been formed in a mineral-free, acellular system at 
concentrations of calcium and phosphate which are physiologi- 
cally normal. A consideration of these and other results suggests 
that steric properties (associated with e-amino groups) may be 
responsible for the specific ability of dentin collagen to induce 
crystal formation. The implications in biological calcification 
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processes are discussed. In addition, some presumptive evidence 
has been summarized which suggests that there may exist in 
serum some inhibitor of the crystallization process. 
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